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Fig. 4. Higes szarch at 2 p* = collider, Required machine
resolution and the expected Higgs width.

using 2 broad energy sweep. The comesponding cross
section is small (sec Figs. 3 and 5). Once an approximate
mass is determined, a strategy for the energy sweep through
the resonance can be devised. The study of the t quark
through 1i production would alse be interesting.

Finally, apother possibility is to use the polarization of
the p*u™ panicles orentated so that only scalar interac-
tions are possible (thus eliminating the background from
singie photon intermediate states as shown in Fig. 3) [6].
However, there would be a trade-off wilh luminosity and
thus a strategy would have to be devited 10 maximize the
possibility of success in the energy sweep through the
resonance. ‘

Al the Napa warkshop the possibility of developing a
w* 17 collider in the 10* cm ™2 ¢~! region was consid-
ered and appears feasible. It is less certzin that the high
energy resolution required for the Higs sweep can be
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Fig. 5. Total eross section for u* 1~ — &® Z 5 a function of 45
for the fixed mby values indicated by the numbers (in GeV)
beside each line, (Ada.pced from Ref. (4].)

Table |
Key issues in the Higes search

There is growing evidence that one Higes panticle is below 2 af,

SUSY Higgs - 3 Higgs — one near M, {possibly up 0 ~130
GeV); extremely hard 10 detect

Hadron machines can scarch for these Higgs provided:
i [ de= 10 pb (LHC),
b the background for # =¥y is small encugh

Apr'u collider with 23 16% em~2 ¢! opetating between
100-180 GeV could discover the Higgs in 2000+ provided
sufficient energy resolution is achieved

obtained. We summarize in Table 1 some of the key issues
in the Higgs search.

it~ colliders could also be very important in the
TeV cnergy range; bowever, since the cross sections for
new particle productiop are much smaller, the luminosity
requirements would be 2. > 10% em=? s~!. This is
the energy range where e*c™ linear colliders are ex-
tremely difficult to develop [2]. This possibility will be the
subject of a scoond Napa workshop to be held in 1994.
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The cutrent status of the t*=p~ collider concept & reviewed and discussed. In a reference scenario, a high-intensity puised proton
accelenator (of K-factory class) produces large numbers of secondary wr's in 2 nuclear target, which produce muwons by decar. The muons
arc collected and cooled (by “ioniration cooling”) to form high-intensity bunches that are accelerated w high-cnergy coliisions.
High-lumioosity o ¥~ ~ and 1~ —p colliders at TeV or higher enercy scales may be possible. Challenges in impiementing the scenario are
described. Possible variations in muon production, accumulation, ard collisions are discussed; further inpovaticns and ‘improvements are

encouraged.

1, Introduction

Current and planned highest-energy coiliders are
hadronic proton—(antilproton {(p~p or p-f) colliders or
electron-positron (¢ *—¢ ) colliders, and both approaches
have significant difficulties in extension to higher encrgies,
Hadrons are composite objects; 50 only a small fraction of
the total energy Participates in a collision, and this fraction
decreases with increasing energy. Also, production of new
particie states is masked by a large background of noareso-
nant hadronic events: identification of pew Physics be-
comes increasingly difficult with increasing energy. Lep-
tenic (e e ) coliiders have had the advantage of provid-
ing simple, single-paniicle interactions with little back-
ground. However, extension to higher energics is fimited
in energy, luminosity, and resolution by radiative effects
(synchrotron radiation in circglar colliders, beam—beam
radiation and pair creation in finear colliders). At very high
energies. the collisions are no loager point-like, because of
the radiative background.

However, this radiation scales inversely as the fourth
power of the lepton mass.. Thus, we can extend the high-
quality featares of e*—<~ colliders to much higher ener-
gies by colliding higher-mass leptons such as muons. The
B ~n” collider concept has been suggested. and is de-
scribed in some detail in Refs. [1-4], and an example is
displayed graphicaily in Fig. 1. In those initial concepts, a
high-intensity multi-GeV hadron accelerator beam pro-
duces pions from a hadronic target, and muons are ob-
tained from w-decay. The w* 's and K7 's are accumulated
and cooled by ionization cooling, and then accelerated (in

* Work supported by Department of Energy contract #DE-AQQS-
B4ER40150.

linacy and /or synchrotrons) to higd energies for high-en-
¢rgy collisions in a storage ring. Ths process is repeated at
a rate marched to the high-energy muon litetime 1o obrain
poteqtially high luminesities.

Since the initiation of the muon collider concept, some
subsequent developments have inaeased interest in the
passibility of muon colliders, and recent progress in refated
fields may increase their potential capabilities.

In high-energy physics (HEP). plans for the current
generation of high-energy facilities are now reasonably
well esuablished. The next HEP devices are 1o be tigh-en-
ergy (8-20 TeV} p-p colliders ($5C and/or LHC), to be
followed by an e*—¢™ lincar collider (up t0 0.5 TeV per
beam). it is now possible 10 begin serious consideration of
projects to follow these, such as a =" collider. The
current gencration of HEP devices includes large compo-
nents (injectors, tunnels, storage rings, linacs) and techno!-
ogy (bigh-gradient linacs, iow-8* optics, large-bandwidth
stochastic cooling, etc.) which may be incorporaied into a
muon collider.

Development of high-intensity accelerator concepis (for
kaon factories, or accelerator transmuration of waste, oy
tritium production, or for K-catalvzed fusion) can afso
provide methods and facilities for improved p, production.
collection and cooling. Some of the possible extensions are
suggested below.

Receat studies of ¢*—¢ ™ lincar colliders show thar that
approach appears to be limited in energy or iuminosity at
the TeV scale by beamstrahlung radiation effects. T%ic
calls for a **new paradigm'™ in exwension to higher ¢ner-
gies (5] possibly including a p -~ coliider option.
Also. the next fronticr in HEP appears to be in understang-
-ag the “Higgs secwor”, the gencation of masses, The
greater direct coupling of muons i the Higes sector (by
/oY) may provide an impornt incentive for devel-
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oping | ~p" cofliders. possibly in the energy-specific
form of a Higgs-resonance ** faciory*",

In this paper we present an overview of possible hig:-
energy W -~ colliders for the p *—j.~ workshop (Napa.
CA, 12/1992), following the concepts previously pre-
sented i the Refs. [1—4]. In this overview, we will identify
some ol the critical problems in implementing the sce-
nario. suggest some possible variations and improvements.
and, hopefully, inspire some further. directions for innovs-
tion and invention from the panticipants and other readers.

Z. p production

A critical problem in w*—u~ colliders is the produc-
tion and collection of adequatc numbers of muons. The
critical difficulties are the large initial phase-space volume
of the muons (since they are produced as secondary or

tertiary products of high-energy collisions) and the fact

that muons decay. with a lifetime of 22X 10~* y decay
time. (y is the vsual kinetic factor (E,/m,).} The problem
is to obtain. compress. and use sufficient muons before
decay.

We wil first consider as a baseline reference a high-en-
ergy hadronic (HEH) muon source of the type described in
Refs. {1.2.4): a medium-energy high-inteasity hadron ac-
celerator beam is transported onto a high-density target to
produce GeV-energy s, and the ='s are confined in 2
transpornt channel where they decay to produce w's, which
are collected, compressed, and accelerated. In this section.
the baseline HEH source is described, and guidelines for
optimization and improvement are suggested. Variations
and alternative approaches are then mentioned: these in-
¢lude a low—energy (GeV-scale) ** n-faciory"* beam, possi-
bly producing surface muon beams, or an ¢~ beam produc-
ing w*-pu” pairs by photoproduction.

Production of large numbers of muons in the bassline
scenario is not difficult. Hadronic interactions of the beam
with the target produce large numbers of ='s, and almost
all of these ='s decay by producing 2 muon plus a
neutring. The difficult probiem of optimizing production
and coliection for maximal p intensity is not vet solved;
however, some guidelines may be obtaired from approxi-
male calculations. A first estimate of 7% production in
proten~hadron collisions may be obtained using known
and calculated particie spectra. such as the empirical for-
mulae of Wang [6]):

da*N pions
_ ~BXS-DP,
a0 FAPX(1-X)e GeV /e

/interacting proton (1)

where P, is the incident proton momentum, X = P/ is
the pion/protor momentum ratio, P, is the pion transverse
momentum and A = 2.385 (1572), Bw=3.558 (5.732),
C=1333 (1.333), and D =4.727 (4.247) for positive
{negative) pions. n this formula, pions are produced with
4 mean transverse momentum of ~07' or ~ 0.2 GeV.
Also, if P,/F, < 1, pion production is nearly independent
of proton energy, and pion production within a given
momentam bite {AP_ /P, ) is nearly constant. If the Wang
model is accurate, an optimal m-source may be obiined
from a medivm-energy proton beam (20-350 GeV) which
coilides into a nuclear target, followed by strong-focusing
optics which collects secondaries (P, acceptance -~ 0.3
GeV) and a strong-focusing transport line for = — pv
decay. Small spot sizes on the production target and small
beam sizes in the transport line are desired to minimize «
and p emittance. High momentum acceptance (§P/PF >
+ 10%) is desired for maximal production. Economy wouid
favor lower energies.

Fig. 2 displays a possible configuration for p.~ or p~
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Fig. 1. Overview of linac-based p* -~ collider, showing a hadronic acceleraior, which produces w's on a target, followed by a =-decay
channel (= — wv) and p-cocling system, followed by a u-accelerating linac, feeding inio 2 high-energy storage ring for u* —p. ™ coilisions.
(The linac could be replaced by a rapid-cycling ting: sce Fig. 6.)
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production. A 40 GeV proton beam is focused (;ussibiy
with a Li lens) onto 2 ~ 5 cm W target 1o a mm-scale
spot, producing 7's, which are captured by the foliowing
oplics, which is designed to accept 2 GeV w's at angles up
10 O = 150 mrad (P, <0.3 GeV /c). fhis optics is ap-
proximated by a 2.0 cm radius Li lens of 10 cm length
cemered 15 cm downsiream from ihe target center, The
capture optics is to be followed by a sirong-focusing
transport of ~1 w decay length {~ 110 m at 2 GeV),
which maintiins 2 mean betatron funciion of 1 m. The
resulting muons are inseried inte a muon accumulator
system for cooling and acceleration.

According 1o the Wang model, this outline system
would produce and accept 0.12 (0.08) ©'s AGeV /c)/in-
teracting proton. This must be multiplied by 2 target
cificiency factor nr = 0.4 (the probability that an incident
proton produces an exiting ), and by the momentum
acceptance width (0.4 GeV/c for +10% acceptance). to
obtain the number of ='s accepted in the decay channei
per primary proton (0.019/0.012 w+x-),

In the decay channel. m-decay (m -» uv) produces p's
within a uniform energy distribution {between G.57 and
1.0£,) and with a maximym transverse momentum of
29.8 MeV/c. With 63%(1/¢) of the w’s decaving and
~ 40% of the product p.’s within the iransport acceplance,
we find ~ 0.005 (0.0033) i *(;2 ™) per primary proton are
delivered to the p-collector.

The transverse emittance is determined by the pro-
duction phase space, and the w-decay phase space. The
transverse emittance from -r-production from a thin larget
is of order r; @y or 3X10°" m rad at 2 GeV. if the
primary beam size oo the warget, r., is 0.002 m. The
w-decay increases emittance by ~ B8 /2, where 8 is the
mean decay-line betatron function and 6, is the maximum
decay angle. With 8, = F£/F,=002and B= | min our
reference case, an emintance ¢, of ~2X 10™% m rad at
13 GeV is obtained {(~3% 10" m rmd normalized).
(Total emittance from target size, warget length. and decay
effects shouid be less than twice this value. and could be
reduced somewhat by further optimization.)

This reference case is oversimplified. The problems of
separating primary p’s from sccondary 7+ and w~ beams,
and separating the w beams from each other are not
addressed; the actual optics will be more interesting. The
parameters are not optimized, and the production estimates

are pot very accurate. The calculations do not include 7 's
(and p.'s} from secondary interactidns. For £_ E,, sec-
ondary and cascade production could be large. However,
p-decay from source to collider will reduce the final
number {by ~2 X ). The calculations do show that an
HEH source can oblain = 107 p’s per primary proton,
and that is adequate for 2 high-luminosity collider. This .
results is in agreement with an independeat analysis of
Noble [7). It is possible that improvements, acceptance
increases, and optimization could increase this to the 102
level, but probably not much greater.

The HEH scenario has been motivated from a high-en-
¢rgy physics bias, and imilates p source methods. T-pro-
duction also occurs in low-energy hadronic {LEH) ** 7r-fac-
tories'”, from GeV /nucleon protons or deuterons, at a
level of ~0.5 w/p. For pcollider use, a compressor ring
would be nceded to combine the proton {deuteron) linac
beams into sub-ps puises. The ='s are produced at the 100
MeV cnergy level, where they can be stopped in an
absorber to produce 29 MeV/c p's. which will lose
further energy in the absorber. (Stopping times are at ns
levels; the p-lifetime ar rest is 2.2 ps.} (Nagamine has
proposed extracting such slow muons in a high-intensity
surface muon source [8].) An LEH source can produce
large numbers of u's with low energy and momentum
spread, which may require linle or no further cooling, and
the LEH source could be preferable 10 an HEH source, The
difficulty is in exwacting sufficient p’s in a small phase-
space volume which are suilable for acceleration in 2
p =" collider. The problem of calculating and optimiz-
ing p produciion in an LEH configuration is unsolved; it
is an important chatlenge for the reader.

Another possible u-source can be obtained by colliding
muhi-GeV ¢~ beams into a hadronic target; bremsstrahlung
would produce u*—p” pairs by photoproduction, but not
as frequently as ¢ *—¢ ™ pairs. Obuining the p.'s through
pair production avoids the phase-space dilution of w-de-
cay; however, p-production does nol seem 10 be as copi-
ous as in a hadronic source. An optimized caiculated
compatison has not vet been made,

The best possible p-source is not yet identified or
developed. It may follow some of the ideas suggested in
this section, with added improvements and innovations. or
it may be dramatically different. This is an important
challenge for the workshop.

FODO decay channel

Q00

L

Protoa bram e Picmy

> iR > uv) > Muons

Fig. 2. Schematic view of u-production from w-decay. with 17°s produced from hadrons. A high-energy hadronic beam is focused onto a
larget: 4 cotlector lons(es) collects the resulting = 's into 2 strong-focusing ** FODO™ channel, where w-decay produces s for collider use.
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3. p-cooling. and combipation

The u’s are produced in a relatively larpe phase-space
volume which must be Compressed to obtain high-luminos-
ity collisions. Most of the aeeded compression is obuined
from adiabatic damping; acceleration from GeVescale o
collection 1o TeV-scale cotlisions reduces phase-spaze by
~ 10° (10° per dimension). Additional phase-space reduc-
tion can be obtained by **ionization cooling’’ of muons
(*'w cooling™), which is described in some detail in Refs,

tudinai cooling and bunch combination, and muon survival
and acceleration are then discussed,

The basic mechanism of transverse p cooling is quite
simple, and is shown graphically in Fig. 3. Muons passing
through a maierial medium lose energy (and momenrum)
through ionization interactions. The losses are paraiiel to
the particle mation, and therefore inciude transverse and
longitudinal momentum losses; the transverse energy losses
reduce (normalized) emittance, Reacceleration of the beam
(in If cavities) restores onfy lengitudinal encrgy. The com-
bined process of ionization cnergy loss plus rf reaccelers-
tion reduces transverse momentum and hence teduces
transverse emittance, However, the random process of
muitiple scattering in the materiaj medium increases the
emittance.

The equation for transverse cooling can be written in 2
differential-cquation form as:

dE,
de By (62>
_.ia__ELeL_,.__"‘..__ﬂ._. (2)
dz E, 2 dz

*

where e is the (unnormalized) transverse emittance,
dE /d: is the absorber energy loss per cooler transport

€~4Z—>

-"
Z
Eaerey lous £ A

is eppasis 10 movo:
L oo dxresser.

- i Plivs, Res. A 3350 (199.) 27-15

length 2, 8, is the betatron function in the absorber and
O is the mean accumulated multiple scattering angle in
the absorber, Note thar dE /dz = fadE, /ds, where fa is
the fraction of the Iransport length occupicd by the ab-
sorber, which has.an ©nefgy absorption coefficient of
dE, /ds. Also the multiple scattering can be estimated
from;

K62.) fa (0.014)’

dz Ll £

i
where Ly is the material radiation length and £, isin
GeV. (The differential-equation form assumes the eooling
sysiem is formed from smal| alternating absorber and
reaccelerator sections; a similar difference cquation would
be appropriate if individual sections are long.)

If the parameters are constant, Eqs. (2} and (3) may be
combined 10 find a minimum cooled (uanormaiized) emit-
tance of

- (0.013)° Bo

(3)

4
e]_ 25". L dE“ ()
®dz

or, when normalized
(0.014y* g,

Ey=e, ¥ _2‘;;"3——?1? (5)
Rdz

(all energies are in GeV).

Avoiding fongitudinal phase-space dilution implies
cooling at £, > 0.3 GeV, and economy implies cooling at
relatively low cnergies (since cooling by ¢~ requires E,
encrgy foss and recovery). E, =05-15 GeV seems rea.
sonable. Cooling can be obtained in either linacs ( possibly
using recirculation lines) or storage rings. Multiple stages

Energy restored

is purely longitadil mu

Fig. 3. Schematic view of Iransverse “ionization cooling™”. Energy loss in an absorber occurs paralle! 10 the motion: therefors {nnsverse
mamentum is lost with the longitudinal cnergy loss. Energy gain is longitudinal only; the net result is a decrease in transverse phase-space
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can be used to optimize cooling scenarios. The important
sensiraint is that cooling must be completed within a muon
lifetime. which can be expressed as ~ 3005 (T) turns in a
stofage ring, where B is the mean bending field, or as a
ength L, = 660y m of path length. This constraist may
3¢ surmountable,

Some guidelines for optimal cooling may be obtained
Tom Egs. (2)~(5). They indicate that it is desitable to
»btain small B, (strong focusing) at the absorber. It is also
lesirable to have materials with large values of the product
-k 4E/ds. Ly dE/ds is largest for light elements (0.1
eV for Li, Be but ~ 0.01 GeV for W, Pb), indicating the
lesirability of light absorbers. However, the need for smail
3 and the depth of focus constraint that a {non-focusing)
bsorber section musi be less than 28, would favor large
.E/ds (heavy) absorbers. A conducting light-metal ab-
orber (Li, Be, Al can also be a continuously focusing
:ns, which could then be arbitrarily long while maintain-
1g small B,. With current technology, lenses maintaining
'o <1 cm appear possible.

With 8, = 1 cm, and Ly dE/ds = 0.1 GeV, a normal-
ed emittance of ey = 10" By = 10"* m rad is obtained
§ 2 reasonzble goal for transverse cooling. Some improve-
lents may be possible; the reader may develop ideas for
ptimal implementation.

Longitudinal {epergy-spread) cooling is also possible. if
i encrgy loss increases with increasing energy. The
1ergy loss function for muons, d £ /d s, is rapidly decreas-
& (heating) with energy for E, <03 GeV, but is slightly
creasing {cooling} for £, > 0.3 GeV. This nawral depen-
'nce can be enhanced by placing a wedge-shaped ab-
wber at a *‘non-zero dispersion’” region where position is
iergy-dependent (see Fig. 4). Longitudinai cooling is

Widdt: §(x) » 5, + 28 ,
dx

limited by statistical fluctuations in the number and energv
of muon—atom interactions. An equation for energy cool-
ing is:

) dE,
KOEY) | a2 0y oy, 98ER,
1z P, (aeyyr —=, ©

where the derivative with energy combines natural energy
dependence with dispersion-enhanced dependence. An ex-
pression for this enhanced cooling derivative is:

L& L9
dz -7 ds dEu-‘E 7 )
E, M I, " ds dx E,8,
¢

where 1 is the dispersion at the absorber, and § and
d8/dx are the thickness and tilt of the absorber. Note that
using a wedge absorber for encrgy cooling will reduce
transverse cooling: the sum of transverse and longitudinal
cooling rates is invariant. In the iong-pathlength
Gaussian-distribution limit, the heating term or energy
straggling term is given by [9):

d(AE_)* z \
( d.;m‘) 5411'(?‘!?1’:(.':)1”0;,07-(1_ﬁ'/zj'

where N, is Avogadro’s number and p is the densitv.
Since this increases as y7, cooling at low energies is
desired. From balancing heating and cooling terms, we
find that cooling of AE /E to <0.02 al E, =035 GeV
is possible. which adiabatically damps to a 1 GeV energy
spread of AE /E, <0.005. An tf buncher plus compres-
sor arc (or synchrotron osciilations) can use this reduced
encrgy spread to obtain reduced bunch length.

]

Ot x = 'B'ﬂﬁl'-'.s

Energy lous: = SE dE ngd A
lous: d|&°+d| dx{

Depends oo eaergy

\l/
\Tf
v
4
v

-

hdmnd-dm'g

+ 4. Enhancemem of energy cocling by using 2 wedge absorber placed in 2 non-zero dispersion region, The thickncss of the absorber

ends on Tansverse position (A = 8 +(d&/dx)x), and the position at the absocber depends on the energy (x = n{A £/ E)). producing

“rhanced energy dependence of encrgy loss, decreasing energy spread, Energy recovery in the acclerator is independent of energy.
(Transverse cooling decreases with enhanced energy cooling.)
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The major problem in longitedinal space derives from
the mismatch between (ke initial bunch structure of the
s-source and the desired p-collider bunch configuration.
The primary proton beam from a rapid-cycling synchrotron
{RCS) would consist of ~ 100-200 bunches, while com-
pression 10 one {or a few} y-collider bunches is desired.
Phasc-space manipulations will be needed.

Bunch combination procedures could include:

1) Proton-bunch overtap: Before extraction from the
RCS, the proton bunches can be compressed with a lower
harmonic (or sideband) of system to provide spatially
overlapping bunches (with different momenta) on the (ar-
gel. Since target spot sizes need not be very smail and
w-production is not encrgy-dependent, 2 broad primary
encrgy spread can be accepted at the target, with no
degradation of w-production. Combination by at leasi a
factor of 10 should be obtainable. A scparate extraction-
€nergy proton compressor ring for the rf bunch manipula-
tions may be desired, and may be capable of combining
the number of bunches 1o ~ 2—4.

2) Non-Liouviltian “‘stochastic imjection’” {10): Bunch
combination without phase-space dilution can occur-during
w decay, 35 in “'stochastic injection’” into a p-storage
ring, as shown in Fig. 5. In this process a train of =«
bunches from a hadronic farget is injected into 3 decay
channel. which is ais0 a zero-dispersion straight-section of
a p-storage ring. The w-bunch spacing is matched 10 the
storage ring period (or a jow harmonic). The injected ='s
are not in the acceptance of the ring; the ring accepts
lower-energy particles, in particular, those p's from =
decay in the stright section that are within that accep-
tance. Successive mr-bunch arrivals are timed to averlap an
accumulated i bunch. The  lifetime is = 1% of the i
lifetime. and is naturaliy matched for decay within the
first-wtn decay charnel while permitting multiple wm
accumulation. Al rcasonable parameters, 1's from 10-30
w bunches can be accumulated in 2 singlie bunch, without
large p-decay losses. (The storage ring can aiso be used
for cooling 1he accumulated w's.}

DA Neaffer / Nucl, fusir. and Meth, o £hvs, Res. 4 J50 019940 2=-35

3) Beam cooling with bunch comtination: Transverse
or energy cooling of y bunches can compress beams 10 a
degree where bunches can be stacked :ogether. using con-
ventional Liouvillian bunch-combination optics. The
stacked bunch can thea be further cooled to a phase-space
volume =< the previous cooled single-bunch size. The
process can continue through further stacking and cooling
steps. The process adds the complications of muitiple
beam-combination transport lines and optics: however,
combinations of many bunches (10-30) could be obtained.

Some combination of these three (pius other to-be-de-
veloped) methods can be used to reduce the number of p
bunches to a few enhanced-intensity bunches. (The first
two procedures are complementary: proton bunch stacking
naturally combines nearby bunches while stochastic injec-
tion more naturally combines widely spaced bunches.)
lonization cocling can then be used for further compres-
sion, in bunch fength or energy spread. for optimal collider
use.

4, Acceleration and collider scenarios

Cooled and compressed muon bunches can be used in
high-energy high-luminosity colliders. In this section, we
describe some potential scenarios. We use as a reference
casc 2 1 TeV per beam p*~p~ collider {2 TeV in the
center-of-mass), as this is the energy scale where the
n -~ collider may begin to be preferable 0 e™—e”
colliders. Table 1 shows a reference case, with relatively
conservative choices of parameters.

1) Linac—storage ring. This scenario is displayed graph-
ically in Figure 1, and this is probably the highesi-luminos-
ity case. p*—p~ buaches from the collector /cooler are
both accelerated to full energy in a high-gradient linac 10 1
TeV, where both bunches are injected into a superconduct-
ing storage ring for high-energy collisions at low-B, inter-
action points. The p beam lifetims is ~ 3008 tums,
where B is the meaa bending field ia T. B = 8 T. impiy-

{M
,.,.,./,,.i

4 x
Targex
K =3 . v Decay ling
Fig. 5. Schematic view of *stochastic injection'” inio a storage ring. A train of p bunch d 7 bunches, which are injected into a

storage ring for multi-turn stacking. The initial spacing is matched to a ring harmaonic (4 = 2 in the figure), so that following  bunches
overlap accumulated p's Fum previous bunches. ar decays in the strai ‘ght section which produce u's within the rag acceptance add to the
accumulation (Note vhat the short but finite = lifetime is 1carly optimally matched ;o make this schere pracical.)
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Table 1
Parameter list for TeV ™ -~ collider (2 TeV collisions}

Parameter Symbol Valuc
Encrgy E . 1TeV
Luminosity L It em=2 5!

HEH-source parameters

Protan cnergy E, 40 GeV
P /pulse N, 10"
Pulse rate ’ fa 30 Hz
u production efficiency . /p 1073
Collider parameters
#1” /™ per bunch N= 104!
#bunches ny 1
Storage rums ", 1200
. £y

J+ emittance €. = ? 107" m rad
Interaction focus B* 1 mm
Beam size [ 4 Jum

ing 2400 tums, is currently achievable. The main difficulty
is the relatively large cost of the full-energy TeV linac.

2) Linac-linac collider. As ine*—e™ linear colliders, p.
bunches from opposing linacs can collide. This scenario
loses the luminosity magnification obtained from multiple
collisions in a storage ring, which is permitted by the long
u lifetime. It also requires two full-energy linacs, and a
TeV storage ring is cheaper than a TeV linac. However, an
existing e "~¢ ~ linear collider could be modified to obtain
nt—p” collisions, with the addition of a |5 source.

3) Rapid-cycling synchrotron coliider. At 1 TeV, the
lifetime has increased to 0.021 s. and the lifetime increase
with energy is sufficient to permit acceleration in a rapig-
cycling synchrotron with acceptable losses. Fig. 6 shows
the basic components: a . source injecied intoa ~ 20-30
GeV linac followed by a rapid cycling synchrotron with 20 i
km circumference (8 = 1 T). Acccleration from injection
ta full energy in ~ 50-100 wms could follow a 60-120
Hz waveform foliowed by ~ 002 s at fixed field for
collisions or, for higher luminosity, transfer to a fixed-field
(8 T) callider ring. Luminosity would be naively expected
to be about an order of magnilude smaller than jn the
linac—storage ring scenario.

4) The p—p collider. A pn*—p~ collider can also be
operated as a i "—p collider with both g and p beams al
full energy. High luminosity would be relatively casily
obtained because only one beam (1) is unstabie and
diffuse. This is a probable initial and debugging operating
mode for a storage ring w*—u” collider. Revolution
frequencies of equal encrgy . and p beams would be
naturally mismatched because of unequal speeds. They can
be rematched by displacing the beams in energy and using
the ring nonisochrogicity [2) The required energy dis-
placement is

BE ( 1 1 ) ®
ETM5iT 52
E 2y

where y{ is the ring transilion-gamma. At reference pa-
rameters (£, =1 TcV, yr = 30) 5£/E = 0.0005 is re-
quired.

Fig. 6. Overview of a p™ -~ coilider, with 2 rapid-cycling synchrowron for the primary accelerator. The figure shows a primary proton

source. producing s on & target, which decay 1o p's ina decay channel. After cooling and compression, 11—~ bunches are accelented

in 2 linac 2ad in 2 rapid-cycling synchrotron to full energy, where they are injecwed into a high-field storage ring for multi-tum collisions.

For example. 2 20 GeV linac feeding into 3 20 GeV/tumiup 10 12 T) rapid-cycling synchrotron would produce | TeV " —p~ beams
with acceptable decay losses.
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5) Physics—opporwnity colliders. A resonance, such as
a new Z partictke or a Higgs particle. may exist or be
predicted in p*~p" collisions. At such a resonance, a
lower-luminesity and for lower-energy collider could still
provide extremely important physics. Such a collider would
be a simpiified form of the baseline high-iuminosity mod-
els. possibly with p sources using existing accelerators,
omitting i cooling, and /or using existing storage rings
for collisions. Such 2 facility would, of course, provide
exceilent training for 2 high-energy high-luminosity col-
lider.

5. Lominosity possibilities and constraints

Using the previously discussed techniques, high lumi-
nosity can be obtained in 4 "~ collider, The luminos-
ity is given by the equation:
LN SN

4me’  4uf% .

)

where N*.N are the number of k™, u~ per colliding
bunch, fo is the frequency of bunch collisions, o2 is the
colliding beam size. 8% is the belatron function at the
coilision point and €, = €.,/ is the transverse emittance.
In a storage-ring coilider. f- = fongng, where f is the
sysiem cycling rate. ng is the number of bunches, and g
is the number of wms of storige per cycle.

This formula is applied to 2 reference TeV p*—p~
collider (Table 1). The parameters we use include N* =
N~™=10"" {which can be obtained assuming a modest
production rate of 10~ p/p from 10* proton high-en-
ergy pulses). ag=1, f, =30 Hz. and ng=1200 turns
storage. With ey = 107" mrad(e_ = 107%) from B, = |
cm and 8% =1 mm (o= 3 pm). we obtain a respectable
baseiine luminosity of L = 3 X 107,

Note that the above parameter set is relatively modes:.
and improvements in some of the parameters (e, N™.
N7, o) by up 1o an order of magnitude are conceivabie.
However, reliable accomplishment of high luminesity in 2
novel and complicated facility which eses unstable pani-
cles and has severa] difficult design components will still
not be easy.

Luminosity in 2 p. "~ " collider ring may be expected
to be limited by the beam-beam interaction. Since long-
term stability is not needed, the allowable beam-beam
tune shift should be somewhat greater than the e*-e”
storage limit of Av < 0.05. The wne shift is given by

*®
Ay= Nr"ﬁz. (10)
4Ty
where r, = 1.363 X 107'” m. At the bascline paramelers
Av =001, luminosity would have to be increzsed dra-
matically for the team--beam limit to be significant.

A p*—u” collider has substantial beam power require-

ments, particularky in the primary proton beam. In the

reference case, (he requirements zre 10° 40 GeV protons
at 30 Hz. which implies 20 MW beam power. This is an
order of magnitude above present facilities, but is the same
magnitude a5 proposed K-factories, (The high-energy p
beams themselves require only 032 MW.) More efficient
p-production may be desirable {obtaining more u./p, us-
ing lower-energy p's or 2 LEH source). However, a high-
luminosity high-energy p.*—p ™ collider is 2 successor to
SSC- or TLC-size facilities, and on that scale, a K-factory
type source is small. An even higher intensity source could
be affordable.

A significant. difficulty in a storage ring is that p's
decay (p — evv), and decay electrons at ~ 0.3 TeV will
hit the wails of the storage ring. At the reference parame-
ters, with haif the p's decaying curing storage, we find 50
kW of ~0.3 TeV clectrons will be deposited evenly
within a narrow strip en the jnzer wall of the ring. The
ring must be designed to accept this. -

The .obtainable luminosity [ is expected 1o increase
with increasing end point energy £, as the p lifetime
increases and the emittance and energy spreads are adia-
baticallv damped. As discussed in Ref. (4}, the beam size
{@*) at collision should decrease as £7%, as both 8* and
€ , can decrcase. Cycle time would increase; however, the
longer cyele time coudd permit accumulation of successive
rapid-cycling prown pulses to obtain magnified-intensity
p-bunches. The net effect is that ¥* and N~ increase as
E, and f is reduced by £, 13 all, L naturally increases
as E}. (Costs increase linearly with E,.) This scaling
would be expected to dominate until the £, = 100-1000
TeV region, where p synchrotron radiation excludes u
storage-ring colliders.

6. Summary

[n this paper, we have intracuced concepts which show
the promise of the deveiopmert of high-luminosity TeV-
scale p"—p~ colliders. These initial concepts need con-
siderable practical developmen:. While key ingredients of
a future facility have been inroduced, further innovations
and improvements are greatly c:sired. These concepts plus
further developments must be ntegrated into a fully self-
consistent design for a p*—p~ facility. The discussions at
the first p -~ collider workshop at Napa, Californiz.
should elucidate the possibilities and set a basis for further
development. Contributions ard improvements from the
workshop participants and othe: readers are encouraged. A
functional u*—u~ coilider will be obtained only through
further innovation and development.
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Appeadix

Since this report is appeasing subsequent to the 1992
Napa w*—p~ Collider workshop, in this section 1 am
adding some initial impressiozs of the proceedings of the
workshop.

D. Cline presented an interssting immediate application
for2a w*—p.~ collider [11]. There are theoretical reasons to
believe that the Higgs boson might exist in the 90-180
GeV region, and that is an erargy region at which only a
pn=p” coilider could obtaiz a clean observation of a
Higgs beson. (pL*-p~ = H is favored because of the
relatively large muon mass.) The observation wouid re-
quire luminoesity greater than ~ 10% em ™% 5™'. Sampie
pammeters with this luminosity goal are shown in Table 2.
This relatively low-energy collider could be developed
relatively inexpensively, possbly using existing facilities
for major components, although it is unclear if any existing
accelerator couid deliver sufficient muon intensity. An
important future goal is developing 2n optimal short-term
path to this extremely important physics goal.

At the workshop, it was speculated that maximal muon
production could be obtained from a hadmonic (or leptonic)
cascade source, possibly at a beam dump, rather than the
single-interaction source outlined above. H. Thiessen sug-

Table 2
Parameter list for 100 GeV u* -, collider
Farameter Symbol Value
Encrgy E . 100 GeV
Luminosity L 10* em=?5~?
Pulse rate A 10 Hz
Storage s n, 1000
#bunches ny 10
#u” /0" per bunch NZ 10'¢
[
R-cmittance €, = 10" " mnd
Y
Interaction B B" 1cm
Beam size (at [R) 4 30 pm

gestzd that the most efficient source could be a ~ 5 GeV
hadronic source. Serious target problems were noted for
any high-intensity source. Further study/optimization is
neeced.

ia beam cooling, the limitations on ionization cooling
due to multile scattering (described above) were dis-
cussed. It may be possible 1o have a muon source with -
inititl emittance smaller than the multiple scaitering limit,
and therefore to avoid cooling,

The bunch combination /compression (see above) was
idertified as a key problem, panicularly bunch length
reduction to match small 8" optics. At multi-GeV ener-
gies. the muons will be relativisiic and have no longitdi-
nzl motion within a linac. However, relativistic muon
bunches can be compressed with an rf-induced energy tilt
and transported through a bending arc (or ring). Scenario
design /optimization is needed.

Although the workshop did oot identifv a clear path to
a stificient luminosity design, it did show important (and
pertapy obtainable) physics goals, particularly the Higgs
discovery opportunity. Future study goals. particularly in
source design and scenario development, were identified,
and the need for future workshop(s) after further develop-
mert was suggested.
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We anahze the design of 2 high energy p* ™ collider based on electro-production of muons. We detive an expression for the
lumirasity in werms of amalytic formulae for the elecrot-to-muon conversion cificiency and the clectron beam power on the production
target. On the basis of swdies of self-consistent sets of collider parumciess under “realistic™” (“*oplimistic’") assumptions abost available
technology with bezm cooling, we find the juminosity limited 10 107 em™7 5™ (10% em~2 51}, We also identify major tectnologicat
innovations that will be required before ™ 1™ colliders can offer sufficient luminosity (10°* em =2 s™1) for high energy physics research.

1. Introduction

Many physicists consider that the recent determinations
of lower bounds for the mass of the top meson reinforce
arguments that a Standard Model Higgs should have a
mass less than twice the mass of the Z. This consideration
has led 0 renewed interest in muon colliders as an ideal
means of probing the mass range from my 1o 2my. More
generally, 2 muon collider with center-of-mass energy in
the range of 200 to 400 GeV bas the potential to produce
very large numbers of Higgs parnticles because of the
enhanced (vis a vis tectrons) muon coupling 1o the Higgs.
For such a coliider t0 have maximem discovery potential
the luminosity should be 2 10* em~2 s~' [1]. As the
muon is an unstable particle, the muons must be generated
as secondary beams from either a proton beam or an
electron beam striking a production target. The muons that
emerge from the target must then be gathered and acceler-
ated rapidly 10 high energy, at which point they can be
injected into a storage ring collider with superconduciing
magnets.

This paper analyses the possibility of using electro-pro-
duction o generate the muon beams. The chief advantage
of producing the muons with an electron beam from a high
energy, linear accelerator is that the bunches of muons are
naturally formed with a short bunch length (<1 cm) for
acceleration 10 the desired high energy in a subsequent
linear accelerator. As the muons will retain their short
bunch length in the collider, 2 low B interaction region can
. be employed. This scheme is illustrated in Fig. 1.

* Corresponding author.
*Work performed under the auspices of the Lawrence Liver-
more National Laboratory under conract W.7405-eng-48.
" Wark performed under the auspices of the Lawrence Berkeley
Laboratory under contract DE-ACO3-76SF00098,

2, Electro-production

Muons can be produced by an electron beam via two
Classes of processes, 1} w*w™ pair production and 2}
photo-production of w's and K's, which subsequently
decay into muons. It is known experimentaily {2] that the
cross-section for pair production is much more than an
order of magnitude greater than that for process (2). Con-
sequently, in the discussion that follaws we will consider
only pair production.

To estimate the muon pair production from an electron
beam of energy, £,, incident upon a thick target of atomic
numbes Z. one can use the expression from Nelson (3]
based on approximation A of shower theory. F is number
of muons per electron produced at an angle > ¢ with
respect to the incident electron beam:

dF .
g (B £ @)
1 m  057T2E.q
(2%)* #® ¥? In(183Z-'7%)
x{(l—u2)—0.33[1-4v-’(1-o.75u)]

xn[l+¥2]}, (1)

where m = electron mass, p = muon mass, £ = 21ergy of

2n{y,)

Collider

Fig. 1. The scheme for a " /p~ collider using clecra-produc-
tion.
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Fig. 2. Number of 1 pairs per e™ aceepted at an angle < & for
{a) a 5 GeV electron beam with £, =3 GeVand (b) a 50 GeV
¢lectron beam with £, =35GeV.

the muon at the production target, Y. = E/p at the pro-
duction target, v=E/E, A=vy3p? and p={(1+A)"1
Eq. (1) is known to overcstimate the muon pair production
by a factor of two.

The number of muens per electron accepted in an angle
< &, in a momentum bite of +4p/p at a mnon energy £
is

4 dF dF 2ip
" {dE(E" E'O) dE(EvE' ¢)]E_"'_ (2)
From Eq. (2) it is immediately obvious that one will prefer
to accept muons with a large value of E/E, rather than
with a smail E/E, as long as the fuaction dF/dE is
relatively flat in energy, For small muon production angles
this condition obtains for the energy range, 02 <£/E, <
08. The same consideration also argues that one should
thoose & large initial clectron beam encrgy. Figs. 2a and
2b display plots of Eq. (2) for 2 low energy and 2 high
*nergy production option respectively.

AL the front surface of the production target the elec-
Ton beam can be focused to a spot of radius, ry =1 mm.
(he muons will, however, appear 10 osiginate from a
‘omewhat larger spot with a size given by the radial extent
o the electromagnetic shower at a depth corresponding to
he shower maximum, which occurs approximately six
adiztion lengths (6X,) inside the target. The radiation
togth, X,, for tungsten is 3 mm; hence the shower
naximum will occur it = — 20 mm, and a tungsien target

30 mm long will yield almost 13¢ entire thick target
conversion (o muons.

At the depth corresponding 1o the shower maximum the
primary electron beam will have sutfered a mean scatter-
ing angle of

g2 [ 0028 GeV 26X,
=( E: ) (-}:)' (3) :

which will induce a radial spread of 6 X, in the primary
beam. Actually in a high Z target, the shower will spread
by en amount roughly double this value. Hence. the shower
radius can be approximated by

o = (r& + (129:\’0)2)”2.. (4)

At production the geometrical emittance, e(E), of the
muon beam of energy, E, accepted into an angle [/ —
will be -

€ pod
E(E)ﬂ—-—-ﬂr*dm, (5)
Ypeod

where €, o4 is the normalized emittance at production.

To increase the muon production efficiency one might
consider aliemate techniques of photo-production. The
production process consists of iwo steps: 1) conversion of
the clectron energy into photons and 2) muon pair produc-
tion from the photons. Rather than using bremsstrahlung,
one might employ synchrotron radiation as the conversion
process. Synchrotron radiation conversion could either take
place in a crystal or in a plasma [4]. which has an obvious
advantage of being more amenable to high average power
operation.

The chaice of synchrotron radiation conversion is un-
likely to increase the rate of muon production as the mean
photon energy is lower for the synchrotron radiation pho-
tons than for the bremsstrahiung photons. The synchrotron
radiation photons are, more numercus, but only at low
cnergies for which muon pair production is not energeti-
cally allowed. The anguiar distribution of the muons pro-
duced will be dominated by the spread of angles of the
electrons in the primary beam as the average electron
angle will be significantly larger than y~*.

The pair production rate in crystals is known experi-
meatally [5] to be larger than in amorphous materials due
to the coberent field effects. For photons of 100 GeV, the
coherent production is a few times the Bethe—Heitler ratc;
however, for 20 GeV photons this effect increases pair
production by oanly 10%. As the mean energy of
bremsstrahlung photons is = 20% of the incident beam
energy, pair production in a crysual will not significantly
enhance the muon yield for a 100 GeV per beam collider.
Hence, in the analysis that follows we restrict our attention
1o the use of a conversion bremsstrahlung production
target.
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3. Ionization cooling

In designing a collider one wiil inevitably seck a means
of having as low an emitiance as possible for the beams,
One suggested means of cooling the muons (Fig. 3) is 1o
pass the beam through a succession of alternating slabs of
material (jonization cells) and rf-accelerating sections. [n
the ionization cells cach of the muons gives up momentum
along ite particuiar trajectory, thereby losing transverse and

Neuffer (6] has shown that the ionizatiop cooling of the
transverse cmitance is limited by beam heating due 10
muitiple Coulomb scattering, If the transverse cooling is
performed at an cnergy, K., using 2 medjum for which the
radiation length is Xy and the ionization loss e is
dE/dx, then the equilibrium, normatized emitrance will
be

Booot {13 MeV)’
Ceqa = ;ﬂ .. dEY’ (6)
m“c"(X‘ ?;J .

where B, is the value of the beta function in the
scatiering medium. From Eq. (6) it follows that efficient
cooling requires that one employ a very strong focusing
syster that brings the beam 10 2 symmetric waste of small
rdius in the jonization medium, For high energy muons

nutnber Z, and of atomic weight, A, the ionization loss
rale can be approximated (7] by

dE  Dzp (m,ﬁszc‘ ;
E-m{lnl 7 -ﬁ) ’ (M

whete B=u/c, D=0307 and [ = 162°% ¢V, For mate-
rials with Z > 6. the radiation length may be approximated
by
716.44
. -7 1/2y 3
pZ(Z+ 1} In(285Z )
Multiplying Egs. (7) and (8), one observes that the product

(X dE/dx) is independent of the density of the ioniza.
tion medium and s greatest for small values of 2. Hence,

Xr(cm) =

Lty

Fig. 3. Schcumticnt‘!hebasicwmponenuufmioainﬁon

cooling amay: 2 sirong iens 1o focus the beam, the ionization

medium in which the particles lose both transverse £nd longitudi-

nzl momentum, and an aceclerating structure o restore the longi-
tudiaal mementum of the beam,

lap e
| [
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Fig. 4. Schemaric of the triplet optics of an jonization cooling ceil;
the disks of the ionizing medivm are shaded ang have a half width

of . /4.

low Z media will be prefetred over high Z media for
ionization coaling. The length of the scattering medium in
any individual ionization celi will have to be limited 1o
Beoa/2.

As the momentum bite of the selected muons will be
relatively large, one should consider using optics with
second order chromatic corrections 1o focus the beam onto
the ionization targets as otherwise the spot size will be
umacceptably large. The focusing system may be 3 strong
quadrupole triplet. Brown (8] has suggested a focal system
that is suitable for scaling caiculations. In this triplet
transverse dimensions are scaled by a factor a,, which is
the aperture (radius) of the firs( Quadrupole of the Iripiet;
longitudinal dimensions are sczled by the **ideal”” focal

length, f,
a 172
a
= (‘B—;(Bﬂ)) ' &)

where B_ is the pole tip field in the first quadrupole, and
(Bp) is the magnetic rigidity of the beam. For a beam of
momentum p,

B(T)p(m) = 3.3p(GeV /c)c. (10)
The optical invariants of this particular triplet design are
incorporated into the scaling equations that follow: the
geometry of the design is illustrated in Fig. 4,

The free space from the focus to the first quadrupole,
Ly, is 1.36f; the iength of the triplet, L_,,, is 3.13f and
the length of the cooling cell, I, is 5.85f Without
chromatic correction the value of Booq Tor a beam with
fractional mormentum spread g.(= Ap/p) is given by

Boou = 5.920,f. an

With second order chromatic correction of the focusing
optics the beta function can be reduced 1o

a
B = 74.0(Bp)( }B—“) o2 (12)

9
In the analysis that foliows we chose the corrected optics
described by Eq. (12). As the cooling disks have a length,
Beow/ 2, tach cooling cell produces an energy loss of e,
limited to

Coen ™ T (13)

in optimizing the production /cooling scenario for the
muoa collider, one can now choose both the energy of
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muon production, £, and the energy at which the cooling
is performed, E . Note that although the equilibrivm emit-
tance of Eq. (6) does not depend explicitly on the cooling
energy, the choice of £ . E_, and the momentum accep-
tance will determine o, and thereby B, in the cooling
lattice. Thus the choice of E_ will determine the transverse

cooling coefficient, C,, via

C, = Coprod _ ""¢“""7"“’". (14)
€eqm Sra

The choice of £, will also influcnce the number of
muons per bunch that are available to be injected into the
collider as some of the muons will decay as thev traverse
the cooling lattice. If energry is replaced during the cooling
process by accelerator cells with an average accelerating
gradicat G, the total path lengih in the cooling latice,
L oors Will be

Eflyy 1
LM=E(:§+E) (€, ). (15)

In Eq. (15) F, is the overall packing fraction of the
ionization and acceleration cells in the cooler lattice. F.
accounts for pumping ports, flanges, diagnostics. bending
magnets, and sextupoles in the cooling iattice. If the
number of muons pes bunch that is injected into the
cooling latiice is N,, then the number of muons per bunch
available for injection mmio the collider will be

Lot )
ey )’

NI=N, exp( - (16)
where 7, is the muon lifetime at rest, and v, is E/m, e
Longitudinal cooling of the beam would allow smailer
_values of 8., and consequently lower equilibrium emit-
tances. Such reduction of the momentum spread can be
accomplished by two means: 1) adiabatic damping by
accelerating the muoas prior to ransverse cooling and 2)
ionization cooling either in the transverse damper or in a
scparale damping structure. If the longitudinai cooling
were limited to the ionization damping in the zero-disper-
sion cells of the transverse damper described above, the
amount of acceleration, A, needed [4] to reduce the
momentum spread by a factor 1 /e wounld be

dE/dx
A =E, PE = 5E.. (17}
Eﬂ
9E, ax

If the longitedinal cooling is done in a dispersive section,
the cnergy spread might be reduced by 1 /¢ with as iittle as
2E, of toal energy exchange.

As compuied from £q. 1i6), the path lengih of the
muons in the coaler will typicaily be tens of kilometers,
even if the packing fraction of the cooling lautice is farge,
A large packing fraction in conjunction with 3 high muon

Laject

Fig. 5. A 2-in-1 muon cooling ring. Transverse cooless zre in each -

of the siraight sections. The gray sections have large aperture

quadrupoles for the first stage of cooling; the black simights have
stionger, small aperiure quadrupoles,

energy implies that the transverse emittance cooler should
be constructed in the form of a recirculating linac such as
CEBAF with high field bénding magnets in the arcs and
with as much as a few GeV per wrn of acceleration in the
straight, cooling sections.

At injection into the cooler the transverse emittance and
the momentum spread of the muon beam will be large.
Consequently the apertures of the quadrupaies in the cool-
ing straights must be relatively large. One may envision a
more cffective form of cooler in which the emittance is
reduced by an order of magnitude before injection into a
final cooler which can have stonger, smaller aperture
quadrupoles. As the value of Bioa an be much smaller in
the second cooler, the equilibrivm emittance could be
much smaller than achievable in a single cooling ring. In
such a scheme there is no need to duplicate the cost of the
high field, dipole arcs. Rather the two coolers can share
common arcs in a 2-in-1 arrangement illustrated in Fig. 5.
The choice of straight-through or by-pass paths for the
cooling stages can be selected to minimize the total path
length of the muons in the coolers.

In the cooling ring the 1012l length of the <ooling cells
plus re-acceleration cavities is 2L P, where P, is the
packing fraction of ionization cells plus accelerator cells in
the straight sections. As the overall packing fraction, F.is
just [2L, P.Q2w R, +2L,)""), the number of cooling
celis, N, is retated to the average dipoie fieid in the bends,
{B,) and the accelerating field, G, by

2“(89) Fe - Ceept -
Nc-F;—(E‘)—[l—PcJ [led*i'—&—] . (18)

Hence, the rf-system of the cooling ring must supply
N ey volts per wm. In damping the emittance of the
muons by a factor C,, the muons must execute
[EN.e5) In C,] tums,

4, Collider considerations
The number of muons per bunch. N, that circulate in

¢ collider will be determined by the production effi-
ciency, A,, by the charge, ¥, in the electron bunch that
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strikes the production larget, and by the path length through
the coaling lattice, The number of elecirons per bunch wifl
be limited by (he beam loading in the linac and by the
design of the electron gun. The present SLAC gun (ther-
mtionic) produces bunches of 10 nC. If the electron beam
emittance s not critical, the charge in the electron bunch
can be raised to 20-30 nC, Bunches with as much ag

The eiectron bunches will be produced in a macropulse
of duration, 7,, which is choser to match the cisculation
period of the muons in the storage ring collider (Fig, 1), If
the average dipole field in the ring is 3 T and if the muoa
enctgy is 100 GeV, then the circulation period will be
dus:

Zus x T ( E, J
kil b | by oerd B (19)
If the number of bunches Per macropulse-is N, then the
frequency of collisions in the coilider will be

foon = v/ Te- (20)
To maintain the myop Population in the collider the finac
must be pulsed at a frequency of 5., where 5. is the
muon lifctime as seen in (he laboratory; at 100 Gev.
7. ™2 ms. Hence, the duty factor of the linac will be

%/ 7. The average power of the clectron beam on the
muen production targer s, therefore,

P Nb‘Ne rl:E JVEIVGE
beam ™ G o . Q'_;“‘— ' (21)

where ¢ is the clectron charge.
The peak luminosity of the coilider with muons with a
geometrical emittance, e, can be wrillen as

Nu*fcoll
dmeg*’

where y = E /1 and B* s the vaiue ot the beta function
a1 the collision point, Combining Egs. (), (15), (20) and
(22), and evaluating the averape luminosity of a collider of
repetition rate, R, we obtain the following expression for
the average luminosity of the collider,

AiN,eN,-yC“ ( 'y) ( 21.“,,)
T exp

4"’m¢m}9*‘fg Ypmd e

x[l —exp(;z?i”(:%f). (21)

The factor. v/ Yoroa implies that maximizing the lumings-
ity argues for accepting the muons into the muon linac at
an encrgy somewhat lower than the energy which maxi-
mizes A,. The factor, C.., accounts for the possibility of
cooling the muons; if no transverse cooling is used, C,. =1

L= (22)

(L) =

and L., =0. At 100 GeV 4 feasonable value of 8% cap
be assumed to be | ¢ - although smalier values are
possible, limited by the muon bunch length and by (he
design of the detector. Hence, the length of the muon
bunch should be tess than | em. Such 2 short puise s
assured, if the length of the electron beam pulses are
=0.5 cm.

5. Examples and parametric dependences

One now has a compiete set of equations with which to
maximize the luminosity of the muon callider as a function
of the electron beam Power incident on the production
target and other system characteristics. As a firsg step in
examining parametric dependences, we formulate a “re-
alistic™”, baseline scenario that does not employ cooling of
the muon beam.

The CLIC group a1 CERN [9] has developed a design
concept for a high power positron production target to
operaie at 500 to 750 kW, more than an order of magni.
tude greater thag presently operating designs. For the
““realistic™, baseline scenario assume that this (arget de-
sign can be realized a1 0.5 MW, Using a 50 GeV eiectron
beam with 20 nC per bunch and one bunch Pt macropuise,
one can produce muon bumches of =) ] nC at 29 GeV
with an acceptance of +3% in the caprure section of the
muon linac. The geomeirical emittance of the muon beam
& 29 GeV will be § + mm-mead. If the average dipole
field in the collider is 3 T. the tevohytion period will be 2
#s. Hence, the coliision frequency will be <035 MHz,
Then for B* equal 1o | cm, the luminosity of the muon
collider at 100 GeV will be =2 x [0 cm ~*s™!. This
scenario, which we will use as 3 base case for parametric
swdics, is semmarized as column 1 in Table 1 along with a
more optimistic case without cooling {cotumn 3),

The improvements to the "realistic” and ** optimistic’
cases that would obtain from damping e transverse emi-
tance of the muons via ionization cooling are shown in
columns 2 and 4 respectively. A far more optimistic
scenario (column 5), which aiso requires several techno-
logical inventions including considerable cooling of the
muen beam, is discussed i Section 6. I3 a]| the examples
with beam cooling the ionization media are beryilium
cisks of thickness of Booo/2. The beam is Feiiiny wine
in rf-cavities with rf-cavitjes operating with an average
acceierating gradient of 17 MeVY/m.

The effect of the choice of the electron beam energy on
the production efficiency can be seen in Fig. 6, which
displays the maximum luminosity versus the electron beam
cocrgy for the realistic scenario. [n this calculation the
number of eleciron bunches s varied .0 keep the beam
power on the muon production larget fixed at 0.5 MW,
The mementum acceptance is fixed at +3%; however, the
vilue of muon cnergy accepted and the anguiar spread of
TMuons accented is varied 59 as 19 maximize the luminos-
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Table 1

Characteristics of a 100 GeV X 100 GeV muon collider using electro-production. The 1

41

petition rate in all eascs'is 500 Hz, For muitiple

fings, By, ay, B, refer 1 the second ring. The quantities with daggers require technowgical invennons

““Realistic" *“Realistic” “Optimistic™ “Optimistic™ Needs
e cooling with coeling no cooling with cooling inventions

Production

E, {GeV) 50 56 30 50 50

Pocsa (MW 0.5 0.5 2 2 3t

N, {(nC) 20 20 30 30 50°

Focen (GeV) 29 21 9 22 25

{Ap/p) (%)} 13 +3 =4 14 8

N, (nC) 0.1 0.1 0.1 0.18 0.5

€ (m mrad) 195% 10" 22x10°¢ 195x% 10! 22x10°° Joxip-?
Cooler

Eopey (GeV) - 40 - 45 100+

Number of rings ] 1 0 ! . 2

Fol - 0.5 - 05 0.6

{8, in (are) (T) - 4.5 - 4.5 4.5

Ving {GeV ftum) - 0.95 - 1.2 32

Cring (M) - 491 - : 553 1840

fB, (T, a, (cm®) - (4, 1.5} - (6, 1.2) (8. 0.5}

Begor (cm} - 13 - 1.5 0.4

€rea (T mrad) L7x10-? 57x10°f 1.9% 10~ 3 74x10"¢ L6x10™*

C, 1 38 L 28 136
Collider

N, (nC) 0.1 0.068 0. 0.14 0.35

Nomocn 1 1 2 2 2

.Gy 3 3 43 4.5 6

Centtiae; (m) 690 C690 160 460 35

feon (MHz2) 0s 0.5 133 1.33 2

8 (em) 1 1 ] 1 0.4

(AE/E) g (%) 109 +0.8 =13 +1.0 +06

(L} {em~%s™1) 1.5x 10 95X 10* T1x10% 8.6x 107 1.0x 1%

ity. As can be seen from Egs. (2) and (22), the optimum
acceptance energy will be a large fraction of the beam
cncrgy as the luminosity is quadratic in the copversion
efficiency.

The scenarios employing production of muons af high
initial energy (20-30 GeV) achieve relatively high lumi-

— 1E#27
:‘:: 1E+26 l , —‘
p -
S 1Ee«28 Aﬁ'
—? 1E+24 ’/
2 /
.-E 1E+23 v 4 l
~ 1Esn1
o 1o 20 0 40 0 60
Elecron beam energy (GeVy

ig- 6. The vaniation of collider luminosity with energy of the
lectron beam ar the production target in the ' realistic’” scenario.
The beam power is fixed at 0.5 MW,

nasily at the expense of producing a muon beam with a
relatively large (= 1%) momentum spread at the interac-
tion paint. If a much lower spread, say +0.1%. were
required for physics reasons, then the accepted muon
CNEIBY, £ oo WOUID have 10 be reduced to = 5 GeV.
The luminosity is stifl maximized by maximizing the
electron beam energy. Making this change in £ pcepn 10 the
“realisuc’’ scenario reduces the luminosity to = 6 X 10°*
cm ™5™, As transverse cooling is accompanied by damp-
ing of the momentum spread, this consideration is not as
severe int the scenarios with beam cooling.

Thcoptimumencrgyformpdngmemuominme
absence of cooling is 29 GeV. If instead we empley an
ionization cooler, the optimum acceptance energy would
be reduced to 21 GeV; a curve of the luminosity versus
muon acceptance energy for the **realistic scenario™ is
given in Fig. 7. In this calculation cooling energy has been
optimized but limited t0 < 40 GeV.

Somewhat surprisingly, the higher the energy at which
the muons are cooled, the higher the final luminosity, The
reason is that the adiabatic damping of the cnergy spread
permits 2 much smatler value of B.. If an initial srage of
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Fig. 8. Luminosity variation with longitudinal cooling for the
“realistic’” scenario.
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Fig. . Luminosity versus accelerating ficld in the cooling ring for
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iontzation cooling were employed to reduce the energy
spread, the optimum energy at which ransverse cooling is
performed could shift to a lower value. In the **realistic””
exampie, the traverse cooling by a factor of 45 at 40 GeV
requires an energy cxchange of only 3.8£,. From Eq. (17)
one expects a slight improvement in C, from the damping
of the energy spread in the zero-dispersion cells, Adding
jonization cells in the dispersive sections of the ring as
suggested in Ref, {6] could improve the luminosity signifi-
cantly.

Fig. 8 illustrates the variation in iuminosity for the
““realistic’’ scenario with longitudinal cooling accompany-
ing the transversc emittance damping. In this caleulation
oooling is done at the muan aceepiance energy, 21 GeV so
that no additional adisbatic reduction in energy spread is
included. The field strength and apertwre of the cooling
channel optics is kept fixed. The decrease in luminesity as
the cooling factor increases beyond six comes from the
decay of the muon population as the transverse cooling
path length increases (o allow the beam to reach the
equifibrium emittance.

As the myons must remain in the cooling latice for
bundreds of microseconds, it may not be possible 1o
maintain an accelerating gradient of 17 MeV/m as as-
sumed in the examples of Tabie ). The consequence of
reducing the gradient 10 allow for a lower power accelerat-
ing system in the cooling ring is displayed in Fig. 9. The
degradation of the |luminosity becomes especially large as
the gradient falls below 10 MeV/m. As the number of
muons in the ring is small, the beam loading in the cooling
ring will be very smail. One might consider the use of
superconducting rf-cavities to keep rf-power requirements
relatively smali. Whether the superconducting cavities can
function in the presence of radiation from the muon decay
is uncertain,

A second characteristic of the ionization cooling lattice
that can have a strong effect on the final luminosity of the
collider is the packing fraction, F,, of the ionization cells
plus the rf-cavities in the cooling ring. Fig. 10 illustraes
the vanation of luminosity with F_ for the **realistic’” case
with cooling.

2 -
[t ]
£ 80E+26 A I ,
s \ f ]
ol
§ A0E+25 \-‘
g "&--._q_
3 o0e400 J

0 20 40 &0 30 100

Atoric number of fonization cejl

Fig. 11. Variation of luminosity with the choice of ionizing
medium.
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Fig. 12. Variation of luminosity with energy for a 250 GeV X 250
GeV mucn collider with §* = 0.3 cm.

Applying Eq. (7) through Eq. (17) to calculate the
characteristics of a cooling system, we find that the lumi-
nosity varics with choice of the ionizing medium as shown
in Fig. 11. Although the product X dE/dx is indepen-
dent of density, the luminosity is sensitive to the density of
the ionizing medium as the energy lost per cell depends on
the deasity and thickness of the medium. For each of the
points in Fig. 11 the appropriate density has been used,
From this examination we confirm that the preferred ion-
ization media are bervilium disks.

If one were to design the muon collider with a broader
energy reach, for example from 100 to 500 GeV center of
mass encrgy, one would hope to realize a higher luminos-
ity at the higher energies as the geometrical emittance is
reduced by adiabatic damping. The scaling of the luminos-
itv, as shown in Fig. 12, is slower than linear. The
caiculation of Fig. 12 is based on the *‘Needs invention'’
scenario of Table 1. with B* reduced to 0.3 cm.

In this scenario the momentnm spread of the beams is
largest at the iowest energy. Unfortunately, the width of a
Standard Model Higgs is expected 1o be a rapidly increas-
ing function of the Higgs mass with a value of 1 GeV/c?
for my =100 GeV/c’. If the momentum spread were
reduced at the lower energics to allow for a fine scan of
the range from 100 10 200 GeV, the luminosity wouild fall
off much more Precipitously.

6. Prospects and conclusions

To obtain a muon collider with 2 luminosity of 10%
cm™3s™!, ay desired for studies of the Higgs, one must
adopt an extremely optimistic scenario {column 35 of Table
1) that includes several techmological innovations (indi-
caied by a dagger). Perhaps the easiest of these advances
may be the development of very strong, precision dipoles
that would enable one 1o design a retatively small storage
l'in:g collider with a dipole field of 6 T averaged over the
enure ring,

Continuing advances in the technology of electron guns
\.\'ith photocathodes suggest that one may be abie 10 obtain
30 nC bunches of electrons for injection in a S-band

‘ructure. Accelerating multinle bunches of such high
charge in & S-band structure also presents difficulties. For
a 50 nC, 13 ps bunch, the single-bunch beam loading in a
SLAC structure operating at 20 MeV /m would be = 20%.

As the bunches in Ihe macropulse are separated by hun-
dreds of meters, mulli-bunch beam breakup is not a prob-

lem. However, a head-to-tail mementum variation of 4%
will be required for BNS damping of the single bunch,
transverse, head-to-tail instabilizv. Once this systematic
variation is removed at the end of the electron linac, one
would be left with a2 + 1.5% spraad that must be handled
by the focusing optics at the procuction targe:.

Extending the conceptual design of the CERN produc-
tion target to 2 reliable, 5 MW czsign is likely to be very
difficult. Of panicular difficulty will be finding suitable
accelerator components that can withstand the extremely
high radiation environmeni near the target. Note that the
highest power, production target in operation is the 33 kW
positron production target at SEAC,

It is likely that the greatest challenge to the designer
will be 10 find an efficient scheme for cooling the muon
beam al a high initizl energy. In scenarios that inciude
beam cooling in a storage ring th: momentum bite must be
chosen to be consistenl with the 2coeptance of the cooling
lattice. As it should be possible to design a lattice with an
acceptance of +2%, cooling the muons ai very high
enerpy allows accepting a large momentum bite at the
production target.

An idea of the scope of the project can be had by
observing that in the realistic case the collider fing s a
circumference of =690 m while the cooler rings . ne
each for the p* and p~) have circumferences of = 90
m. Operating with a gradient of 17 MeV /m. the electron
linac would be 3 km long while the 20 GeV muor, linac
wouid have 2 length of 1.32 km. A clever desip  1ay be
possible in which these same linacs could be used to
accelerate the muons from the cooler ring up to the full
100 GeV per beam of the collicsr. In this case the major
cost of the project would be the 70 GeV of S-band linac.
The major complexity ang technological risk is in the
lattices of the cooling rings which use verv high ficld,
superconducting quadrepoles and dipoles.

In conclusion, onc sees that even with opiimistic as-
sumptions, it is difficult 10 cavision a high epergy
collider which employs electro-production of muons fune-
tioning with a lumincsity > 107 cm™~?s~!. While the
possibility of an electron-beam-driven muon collider with
3 luminosity = 10* em™’s™’ caonot be ruled out, it
would require major advances in several of the primary
constituent technologies. The areas for innovations include
superconducting dipoles and quadrupoles, muiti-kilo-
ampere electron beam sources, and multi-megawan muon
producuon targets. Most criticaliv, efficient means of both
transverse and longiwdinal of cooling the muon beams at
high energy must be found and demonstrated, if suitably
high lminosity is to be achicved.
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The most severe limitatior to the muon production for a large-energy muon collider is the short time allowed for cooling the beam w
dimensions small enough to provide reasonably high luminosity. The limitation is caused by the short lifetime of the panticles that, for
instance, at the energy of 100 GeV is of only 2.2 ms. Moreover, it appears 10 be desirabie 10 accelerate the beam quickly, with very short
bunches of about a millimeter so it can be made immediately available for the final collision,

This paper describes the requirements of single-pass, fast siochastic cooling for very short bunches. Bandwidth, ampiifier gain and
Schottky power do not seem o be of major concemn. Probiems do arise with the nitimate low emittance that can be achieved. the value of

which is serously affected by the front-end thermal noise.

Since mixing within the beam bunches is completely absent, methods are required for the regeneration of the beam signal with external
and powerful magnetic lenses. The feasibility of these methods are crudial for the development of the muon collider. These methods will be

studied in a subsequent report.

1. Introduction

In the quest for the Higgs bosons, a muoan collider may
be perceived as the experimental device more affordable
and more feasible than electron—positron or very large
badron colliders [1-3] Muons have a mass ten times
lighter than prosons and are therefore easier to be steered
on circular trajectories. On the other hand their mass is a
bundred times greater than electrons and their motion is
considerably less affected by the syachrotron radiation.
Muons are clementary lepton particles, with no intemal
structure. Like the electrons, they have obvious advantages
over the hadron counterpart when they are used as the
main projectiles for the production of the Higgs bosons.
Moreover, because of their larger mass, they are also beiler
suited than the electrons themselves, due 10 2 considerably
larger propagator constant. Unfortunately, muons do oot
exist in nature and they have to be produced with the only
technique we know these days: impinging an intense beam
of protons or clectrons oz a target. Like in the case of
production of antiprotons, in order to make the beam of
some use for the subsequent collisions, muons also have to
be collected and cooled to a sufficiently high intensity and
small dimensions before they can be accelerated and in-
jected in the collider proper. To make the situation more
complicated there is also the fact that muons are intrinsi-
cally unstable particles with a very short lifetime. Accumu-

” Work performeo unaer the auspices of the U.S. Depanment of

Energy.

lation, acceleration and cooling are then to be executed
extremely fast if one requires that a large fraction of the
particle beam survives to the collision point.

This paper deals with the requirement of betatron
stochastic cooling which is 10 be very effective and fast.
The situation being described is altogether different from
the usual encountered with coasting beams (8,9 Now the
beam is tightly bunched at a very large frequency. The
bunches are very narrow, having a length which is consid-
erably smaller than the wavelength of the bandwidth of
available clectronic amplifiers. Thus a different method is
10 be developed based on the comection of the stochastic
signal for all particies at the same time in one single-step.
The fundamemal limitation remains of the ultimate value
uf the final cinittance that can oo achizved. Tae limitation
is caused by the thermal noise at the front-end of the
ampiifier.

We begin by reviewing a possible scenario of 2 muon
collider in Section 2. This scenario assumes that stochastic
cooling is dene a1 maximum energy. The performance of
the coilider Juminosity is evaluated in Section 3, where
special emphasis is put on the effects of the beam lifetime
and on the betatron emittance reduction. The requirements
for the stochastic cocling proper are exposed in Section 4,
where we undeérline the particular situation we are facing
of very short beam bunches. The analysis of the cooling
device iself follows in Section 5. The goal is the determi-
nation of an equation which gives the evolution of the
betatron emittance with time. This is described essentially
by two parameters: the cooling rate and the diffusion rate
due to the thermal noise which is by far more impertant
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Fig. 1. A conceptual layout of the muon coliider,

than any other diffusion process, for instance beam Schot-
tky power. The derivation of the equation for the cvolution
of the betatron emittance js Biven in Section 6. A discus-
sion lexding to optimization considerations of the cooling
process is presented in Section 7. Finally, an application to
the muon collider is worked out in Section 8, where the

than optimal and with the bunching frequency is also
investigated. It is found that 2 luminosity of abour 10
em~* s~ can be achieved at he very most. Conciusions
are given in the last Section 9,

2. The muoun collider

We expose below a possible scenaric of a muon cal-
lider. A Iavout of the scheme is shown in Fig. 1. Ap
intense source of ejther protons or electrons, at the energy
of few tens of GeV with an average current of few
hundreds of p A, is provided with a conventional fast
cycling accelerator [4-8). in the case of electrons, these
are bunched at 2 large frequency, for instance 3 GHz and
are accelerated in 2 large-gradient linear aceelerator. iz the
case of protons, after acceleration, the beam ix debunched
in a stretcher ring and then rebunched also at the frequency
of 3 GHz iIn either case. the primary beam is mace 1o
impinge on a sequence of tatgets for the production of
T™uOn pairs via decay of w mesons, The secondary beam,
produced al an energy of about 1 GeV, will be cailected
with a large production angle vielding a normalized iotal
cemiitance of about 100 % mm mrad, and with z iarge
momentum bite of few percent. An average intensity of
about 50 nA per each companent of the pair production is
expected, corresponding to a yieid of approximately 2 x
107 p-pairs per primary particle. The u-beams are also
tightly bunched at the frequency of 3 GHz so that there are
only few particles per bunch (around 100V, Tha 1ovgy
number of particles per bunch is, as we shall sce, a
requirement for fast stochastic cooling,

Both types of beam, 1* and 7, after a preliminary
bunch rotation 10 reduce the momentum spread, are accel-
erated in & large-gradient linezr accelerating Structure,
- Operating aiso at 3 GHz, to the finaj energy which is in the
rangz of 100 to 1000 GeV. At the end of the acceleration,
each beam is wansferred lo 3 storage ring where jast
Stochastic coaling is done 10 reduce the betatron emitance
to the final vaive. Each beam is then taken to a stacking
ring of about the same size. where several cooled beam
Puises are stacked side-wise in (he motnentum phase spzce.

The stacking procedure s Carefully done 1o avoid length-
ening of the bunches and increasing of the betatron emit-
‘ance. With this operation the number of particles per
bunch will increase by the Tumber of pulses being stacked.
This is required to boosi the magnitude of the luminosity
of the collider [7). At the end of stacking, both beams are
extracted from their respective stacking ring and trans-
ferred to the collider ring proper where they are made to
collide and exploited for experimeniation, It s 19 be
noticed that aMl storage rings involved {five, as shown in
Fig. 1} operate at the same BTy thus it is expecied that
they have also about the same size.

Because of the relatively short lifetime of the muon
particles, it is obvious thar a1 the operations whici have
been described above are to be cxecuted very fast,

3. The luminosity performance

What follows is a discussion of the luminosity perfor-
mance of the muon collider. The average luminosity is
given by the following expression

L = MNG [ oune Fy/4me_ 8%, (1)

where Np ~ 100 is the initial number of particles per
bunch at the moment of production, f, . ~ 3 GHz is the
beam bunching frequency during acceleration and stochas-
lic cooling, y is the energy relativistic factor, ¢, ~ 25 «
mm mrad is the initial ms normalized emittance, at the
moment of production, and 8% js the focussing amplitude
parameter at the interaction point, which for a multiple
Pass in 2 collider ring can be as low as 10 cm and for the
single-pass mode, where (he requircments on the lattice
focussing can be relaxed. it is about i cm. For an efficient
mode of operation, it is important that the bunch length
during coliision is sufficiently small when compared to
B". This is obtained with the large bunching frequency. M
is the number of beam puises which are stacked in the
momentum phase space of the stacking ring. H is to be
noticed that the current o= Nyefye ~ 30 nA is 2 con-
Stant equal to the average current of each muon beam at
the moment of producucn. The luminosity expression
above shows clearly the advantage of increasing the num-
ber of particles per bunch from ¥y 10 MN, with momen-
tum stacking [7]. Finally £ is a form factor which includes
the losses of particles due 10 the shon lifetime and the
emittance reduction due to the stochastic cooling.

We can write the form factor £ as the product of many
other factars:

FomFooFuFL.F,,, (2)

where F_, is the squarc of the beam survival fraction after
acceleration, £, reflects the effects on the fuminosity of
the reduction of the betatron emittance due to stochastc
cooling and of the square of the fraction of beam survival
after cooling, £, is the beam survival fraction after
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Fig. 2. The acceleration survival factor Foc vs. acceleration

gradient.

momentum stacking, and F,, represents the beam losses
during collision.

The ovenli survival ratio after acceleration can be
easily calculated by integrating the instanianeous beam
survival over the acceieration cycle, combined with the
fact that the lifetime increases linearly with y. Taking into
account the contribution of two beams to the luminosity,
we have

Fae ™ ( Exia/ Eqaa )", (3)
where £, ~ 1 GeV is the beam kineric energy at produc-
tion, Eq , Is the final energy in the coilider, Ey= 106
MeV is the rest cnergy, r, = 2.2 ns the lifetime of the
muon at rest and G is the acceicrating gradient in the
linear accelerator. The behavior of Free versus the acceier-
ating pradient is shown in Fig, 2 for various finai tnergies.
It is seen that iosses are reduced with a larger accelerating
gradient and a lower beam energy.

The second factor F,, represents the combined effect
of the beam losses during the period of time T, the beam
spends 10 be cooled and the reduction of the betatron
cmittance with stochastic cooling
Fﬂo = (50/&) cxp(—Z m/TﬁmTu)’ (';)
where (€;,/¢.) is the rtio of the initial to the final betaron
emitiance.

Fig. 3. The survival facors Flic a0d £7 vs. the paramerer.
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Fig. 4. Circumference of storage ritg vs. bending fcld &
for p = (.5,

The factor F,,. ropresents the survival of the beam
integrated over the M pulses being stacked in the stacking
ring over a period of time . By denoting with £, the
circulating frequency, we have 7, = M/f, and
Foe = [1- exXp( — T/ YoouTo) ] /1 Laac/ YoawTo).  (3)
This quanmtity is plotted in Fig. 3 versus the patameter
§= Tl Youms To-

The circumference 2R of any of the storage rings can
be estimaied from the beam energy Yrsa- Allowing a
bending-magnet packing-factor 7, denoting with B the
banding field in T, and expressing the circumference in
meter gives

2uR =222y, /B (6)
from which we derive the revolution frequency

fo= (135 MH2)n8/ v, €))
Thus is seen that

[=~0.0034 M/ B, (8)

which does not depend on the beam energy. If we take
B=6Tand n =05 then £~ 00011 M. To avoid exces-
sive luminosity losses, it is seen from Fig. 3 that at most
we can atlow the momentum stackizg of A/ ~ 900 puises.
The quantity {F._ is also plotted in Fig. 3 which shows
that at most MF2_ ~ 35078.

For completeness we display the plots of the circumfer-
ence 2w R and of the revotution frequency fo respectively
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Fig. 5. The revolution frequency vs. berding field 8 (% = 0.5).
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in Figs. 4 and S, versus the bending field 8 and fcr
various beam energy vaiues.

Finally, £, represents the loss of average luminosiry
due to the particle losses during collision which we assums
takes a period of time T,,,. This factor has an £Xpressiol
similar to the one for F,_ given by Eq. (5), except tha
Tac is replaced by 27, It is seen that the best case is
given by the singk pass mode where after one interaction
both beam bunches are immediately disposed, This mogs
is also more favorable because it does not require 2
completc collider ring and the final focus may correspond
to a lower value of 3,

4. Requirements on stochastic cooling

We can express the actuz| average fuminosity in terms
of the ideal value L, withou stochastic cooling, withou:
momentum stacking and for an infinitely long muon life-
time

L=MFL,, ©)
where
Ln'”othm?‘/‘"-". B8*. (10}

With the values of the paremelers given in the previous
two sections and for the single-pass mode, which is the
most favorable, we have Lg=1.0X10% em=? §-i.
Correspondingly, 10 achieve a lominosity of about 1.0 x
10% cm™? 571 which s required for the high energy
physics experimental exploitation of the collider, we need
that the overall eahancement factor MF ~ 1 X 1012, Sines
at most MEZ, ~ 1000, even assuming FcFu~ 1, we
aced Fo, ~1X 10°, which is a very latge requircment for
the betatron stochastic cooling. The requirement is inde-
pendent of the beam encrgy; a normalized emittance of
25 X 10~ % mm mrad is required at all energies. Assum-
ing a cooling period 7., short with respect to the muor
lifetime v, 7,, ooe requires a reduction of the betatroz
emittance by nine orders of magnitude (1), Thus the funda-
mental question concerns the wimate emiitance that car
be realistically achieved at the ead of cooling.

There are major differences berween stochastic cooling
for the case of bunched beams we are investigating here
witd the usval approacn tor COasung Deams eacountered.
for instance, during production and accumulation of an-
tiproton beams (9,10, The muon bunches have x lenget
considerably smaller than the shortest wavelength in the
frequency bandwidthofmesyaem.nisindeedagooc'
approximation to assume that the beam bunches have ne
longiludinalcxtcnsion.audﬂm:llthepmidamdis-
uibuted on a disk with a center slightly displaced from the
axisof!hepichrp&mbumcuumtsignaliswore
highly organized a8d coherent. The iransverse beam posi-
tien, on the other hand, has a very stochastic behavior.
Because of the low number of particles, there is a random

fluctuation of the beam centroid that can be related statist;.
cally to the overall transverse beam size, For the same
reasons, the intemnal motion can be completely ignored znd
no mixing occurs between the detection of the beam signaj
at the pickups 20d the application of the deflection at the
kickers. Morcover, the conventional analysis in the fre-
quency domain [9,10] would be hardly applicable, since
the Schottky bands remain well separated from each other,
Actualiy from the current point of view, it is improper 1o
refer to the beam Schottky signal. As painted out already,
the stochastic behavior 2ppears only in the transverse
displacement of the beam ceatroid.

The overall system, berween pickups and kickers. in-
dudingthepomlmpliﬁer,hasabmdwidﬂxw large
enough to detect and correct displacement of individua)
bunches. If we assume a bandwidth W extending over an
octave, where the frequency at the upper end is twice thag
the frequency at the lower end. an optimum is given by
choosing the bandwidth equal to an integer m times 2,3
of the bunching frequency. For instance, if the beam is
bunched at 3 GHz, the bandwidc could be 2GHz (m = 1)
extending from 2 fto 4 GHz A larger bandwidth, for
instance from 4 to 8 GHz (i =2) or from 6 to 12 GHz
(m = 3), is of course also possible. In this made of opera-
tion, it is possible (o process the pickup signais to alow
complete rejection of a beam bunch signal on another
bunch.

The lack of mixing causes a scrious limitation o the
effectiveness of stochastic cooling. Once the initial beam
dispiacement has becn corrected. there is no more signal
ﬁomthcbﬂmthaanbeused.muswerythingisdonciu
a single step with a relatively small reduction of the beam
size. Between steps, the signal from the beam has 1o be
regenerated, for instance by rearranging the particle munsaj
position with the aid of powerful magnetic Jenses, We
shall assume below that this is indeed the case. We saall
investigate in a separate report the amount of pamicle
fearrangement required and how this can be realized in
practice,

Because of the low number of particles per bunch, =er
amplification, the beam Schottky power is not expecied o
be excessive. In order to obiain a very fast cooling, one
requires io optimize the overall gain to comect the instacra-
necus beam displacement imumediately in one single siap.
This may rcquire a very large ciectronie gain. A morc
serious problem is sssociated with the thermal noise at the
front-end of the amplifier, which will set a limitation of the
final beam transverse dimension. The design of the cooiing
device is 1o be optimized (o reduce this limitation.

3. Asnalysis of the cooling device
Consider a very narrow bunch made of N particies all

with the same electric charge. The bunch is periodically
traversing a beam position pickup made of two parailel
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striplines each of length / and separated by a distance o.
The striplines are shorted at one end and 1etminated at the
upstream end to their characteristic impedance R,,. During
the occurrence of a traversal assumed at the instant ¢ =0,
the bunch current can be represented 2s a pulse of 2er0
duration, proportional to the average displacement X, that
is

1,(1) = Ne(X/d)8(1). (10)

This current leaves at the upstream end of one pickup a
voltage signal given by

V() -=Ne('x'/2¢')R'[8(:)- s(t—~l/c}], (11}

that is a voltage pulse occurring simultancousty to the
current pulse, followed by another al the delay of /e
Since the beam bunch duration is considerably shorter than
the delay between the two voitage pulses, only the first
pulse is relevant to our amlysis and we shall ignore the
second one which we assume can be disposed properiy
without disruptions to the subsequent bunches. The voltage
signal is then filtered by the bandwidih of the system,
mostly caused by the power amplificr, and properly ampli-
fied by the linear gain A. The resulting voltage is an
oscillating and decaying signal of which oniy the front-end
is of relevance here since it constitutes the part that is to be
applied in phase with the bunch at the location of the
kickers. The amount of the properly comrespondent vollage
is simply :

Vo =Ne(E/2d)R,AW. (12)

In the case there is only one pickup and one kicker, this
is also the voltage that would appear across the kicker
assuming an ideal impedance maiching ail along the trans-
fer of the signal. To include the case of more pickups and
kickers, we modify Eq. (12) as foliows:

Vi=Ne(3/2d)AW|R Ryn_/n, , (13)

where n_,, is the number of pickups (kickers) and R, is
the characteristic impedance of kickers. This expression
gives the voltage acrass coe single kicker, We are assum-
ing here that both the pickups and the kickers are closely
plckedtndthauheymndmalengﬂlofthesmse
Ting where the beam position % and the lattice functions do
0ot vary appreciably. Moreover kickers have exactly the
same geometrical configuration and size of the pickups.

Assuming small deflection angles and full correlation
lmonglhekich,lhelmlldeﬂedionmglecad:puﬁde
will be subject to at the traversal of the kickers is

8 = eV, In, /B Ed, (14)

where £ is the particlc total energy and B¢ is the velocity,
Statistically, over many revolutions, the following relation
holds between the avernge beam displacement ¥ and the
rms beam size o:

o %= Nx?, (15)

We prefer writing the expression for the deflection #; as
follows:

6y = go0/d, (16)
where
= 2B2£d1;Ve‘W2nknkaRp. un .

Another signal is induced to the kickers which is
random and independent of the panticle position. The finite
temperature of the terminating resistors of the loop and of
the preamplifiers creates at the input to the preamplifier a
signal of power
Pr=kg(T, + W, (18)

where ky = 8.6171 X 10™% ¢V /K is the Boltzmann con-
stant, T, is the equivalent temperature of the amplificr and
Ty is the temperature of the resistor. Proceeding in the
same way as for the beam Schottky signal, we calculate
the total deflection angle due to the thermat noise:

eld

er"mvﬂthPT- (19)

To assess the effectiveness of stochastic cooling a
useful parameier is the ratio of Schottky to the thermal

power
S=683/0} = Ne*Wn R o?/442P,. (20)

It is seen that this ratio increases linearly with the band-
width. This result is different from the one it was derived
for coasting beams [10}, in which case the ratio is indepen-
dent of the bandwidith. The difference is due to the fact
that now the current distribution of the beam bunch is
highly organized and does not exhibit a stochastic behav-
10T,

6. The equation for the evolution of the beam emittance

Both Schartky and thermal power kicks apply simuita-
neousty when a panicle is crossing the location of the
kickers. Let us calculate the effect of both kicks to the
beam emittance which we can define as follows

€= Z(-,-x,?+2ax,..r;.+,ex;’)/y. (21)
i

Here a, B3 and ¥ are \he lattice Twiss parameters.

At the kickers cach particle receives the same kick, that
is x; — x{ + 8 + 61. The comesponding cmittance change
is

de=2(ax+ BT (s + 01) + B (0 + 67)°,  (22)

where the subscript k(p) denotes that the corresponding
quantity is cvaluated at location of the kickers (pickups). X
and X" are the average values of the particle positions and
angie. We are interesied in the expectation value of Ae
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over many revolutions. In this case, since there is no
correlation between particle position and thermai naise, the
Previous cquation reduces to

{Ae) =2(aX+ BX' )05+ B, 63 + B, 63. {23}
The betatron emitiance is also defined asg
5"(0'2/3)px- {24)

At the same time it can be proven that
((ai+ﬂ?)kip)- —(ig (ﬂk/ﬁp) sin gr,,  (25)
where ¢, is ihe betatron phase advance between piciazp
and kicker. Manipulating some of the previous cquations
gives

(Ae)= —(nginw,k—Ng’)c+ﬂkﬂ.§ (26)
with the dynamical gain

E=E8oBr ﬂp/Ndz . (27)

Finaily, the beam emittance evolution is described by
the following equation

defdtem —pe+ D, (28)
where the eooling rate

A=nsfo(22 sin ¥, — Ng?) (29)
and the diffusion cocfficicnt

D= ngty B85 (30)

with fo the revolution frequency. In deriving these equa-
tions we have assumed a total of n, identical cooling
systems in the storage ring. In the following we shal
assume that the distance between pickups and kickers is
adjusted so that sin Yo = 1.

7. Optimization of the cooling performance

An optimum cooling rate is obtained by senting g =
1/N and is

Aoen = g fo/N. (31)

which corresponds to comecting the instantancous beam
bunch displacement in one single step. At the same time
Wwe can also derive the required amplifier gain
28°Ed*fIN
Am B N 32
ye*Winn R R, B, B,

which decreases linearty with the bandwidth and the aum-
ber of particles in the bunch.
The equilibrium value of the emittance for this case is

€=D/A,, = VB, L. (33)

By combining some of the €quations we obtzin for the
equilibrium emittance

4d%p,

D r—————e , 4
“C VW g 34)
which, similarly to the amplifier gain A, also exhibits the
tame dependence with banawidth W and number of parii-
cles N. It can be seen that the equilibrium emittance
camresponds o the situation where the ratio of the Schottky
to thermal power § = 1,

It is to be noticed that an optimum bandwidth is related

1o the bunching frequency f,__ by the relation

W= 2mf a3, (35)
where m is 3 positive integer. Also the quantity
by = Nef (36)

is the average muon current essentially equal to the one
produced at the target, Thus when thess relationships are
taken into account we have for the amplifier gain
IBELA/H m
A== = (37
{e ntu,RtRP By B
and for the equilibrium emittance
6d°Pr/W

mn, By, R,

Both of these expressions show the same dependence on
the bandwidth factor mr and oa the average beam current.
Noticing that the thermal power £ is proportional to W, it
is seen that both A and £ do not depend explicitly on
how the beam is bunched. On the other hand the cooling

rie A depends very stongly with (he number N of
particles per bunch. ’

€= (38)

8. An application of the optimai system

As an application of these expressions we take the
following values:

d =] cm,
B, =B, =200m,

-ﬂp“ﬂk = 1024,
R,= R, ~ 100 Q.

We chose m =3, that is z bunching frequency f. =3
GHz, corresponding 10 2 bandwidth W =6 GHz ranging
between 6 and 12 GHz The length of the pickups is
adjusted to match the bandwidth according to { = 6 cm/W
(GHz) so that for m =3 itis { = 1 cm. We assume also a
bending ficld B =6 T and a packing facior in the storage
fing 7 = 0.5. Finally we set the temperature of the ampli-
fier and resistor T, = T, = 1 K which is very likely an
urrealistic value, for which moreover we cannot really
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Table 1
Stochastic cooling performance

Beam energy, GeV 100 30 1000
2R m 700 210 7000

a, 8 24 80
1/h ms 0.030 0.030 0.030

4 1x10°  3x10° 1x 10
ey . soammrad 32 96 320
Lo.cm Fs! 1x10"  3x10'% 1%10"
MF + 1000 300 100
L,an™* 57" 110 1x10¥ Ixio¥
NE s 0.0068  D.0023 0.0007
fan 40 120 400
Lygro e~ 571 4x10%  1.2x10%  4x10?

foresee the behavior of the thermal noise at the front end.
The summary of the results of our caleulations are shown
in Table 1. where we have also assumed the optimum gain
g=1/N.

To be observed is the incease of the circumference of
the storage ring with the beam energy, and that we Iet the
number n, of cooling systems vary proportionally. As a
consequence, the cooling time 1/A is constant with en-
crgy, whereas the amplifier gain A and the cquilibrium
emittance €, increase linearly with energy. As one can
see, even at the very low temperature of 1 K, thermal noise
domipates over the beam signal, and the equilibtivm emit-
tance is just about comparable to the initial beam emit-
tance at the encrgy of 100 GeV. For larger energies there
is acrally stochastic beating accompanied by an increase
of the beam emittance,

Since for the optimum gain the cooling time is 0.02 ms
which is considerably shorter thag the beam lifetime, it is
reasonable o lower the amplifier gain. The results are
shown in Figs. 6—8 where the cooling rate, the amplificr
gain and the equilibrium emittance are plotted versus the
dymamical pain g/, = Ng.

It is scen that, as the gain g is lowered, both the
mpliﬁerga.inmdlheequilibriumemiﬂmceredmalso,
but on the other hand, unfortunately, the cooling time

A fin iz ' '

L] /

T

T v
0.2 0.4 0.4 0.8 Ng 3

Fig. 6. Cooling rate vs. dyramicai gain Ng.

Aillx o°

] 02 0.4 a.& l.a

Fig. 7. Amplifier gain vs. dynamical gain Ae.

increases. If the increase is oo large then the particle
losses would also be too large.

The luminosity depends on the gain g only through the
F,, factor. We can chose an expression of the iuminosity
which shows the expilicit dependence on g as follows:

L = f(Ng)L e, (39)

where L, is the luminosity obtained with the parameters
shown in Table 1, that is for the optimum gain g=1/N
and

f()[(2 -~ u)/u) exp] —k/(2u— )], (40)
with
k=2/(YrgAg) < 1. (41)

The first factor of Eq. (41} represeats the reduction of the
betatron emittance and the expoacntizl factor represents
the beam loss. It can be seen that the faction fINg) has 2
maximum for Ng,,, ~k/2 where it takes the value f__
~ 1/k. Thus at most the luminosity can be increased by
Smax — 0.047, that is an increase which is proporional with
the beam energy as required. The values of Ng,,, and of
Jax With the comresponding increased luminosity are also
shown at the bottom part of Table 1. The luminosity
figures are still well below the desired values.

The only other parameter that can be varied is the
bunchivg frequency f,.. For the largest realistic band-
width, this is equivalent to vary the frequency integer

p T =
J =
oL

' Tt —
0.2 9.4 - 2.8 Ne .

Fig. 8. Equilibrium emittance vs. dynamical gzin Ng.
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parameter m. If we denoiz with ., the value of m used
previously, corresponding to fiuse = 3 GHz, we can intro-
duce the ratio p =m/m.,. The expression for the jumi-
nosity can then be modifizd as follows:

L=f(Ng. u)l,,, (42)
where
S, 1) = a2 - w)fu) expl — ph/ (20~ )], (43)

The maximum of this function is the one found before and
does not depend on the ratio . That is, the optimum of the
lminosity does not depend on the choice of the bunching
mode number m, once optimization with respect to the
dynamical gain g has been carried out.

9. Conclusions

We have determined that it is indeed feasible that the
fluminosity of 2 muon collider scales linearly with the
beam energy. as it is required by physics argumentations,
Unfortunately. even with the stretching of our imagination,
it is scen from our results shown in Table 1 that at the very
most only a luminosity of 10® e¢m=? 5~ can be ob-
tained. This is seven orders of magnitude below what it is
actually required.

The most important limitation is the effect of thermal
noisc 1o the ullimate emittance that can be achieved. This
is to be coupled with the requirement on the cooling rate
which is 10 be large compared to the inverse of the beam
lifetime. To achieve very fast cooling, a large linear elec-
tronic gain is needed, which has also the effect 1o amplify
0 2 larger level the front-end noise. Moreover a large
cooling rale can be obtained only with a few number of
particies per bunch. Even by postulating the feasibility of
momentum siacking, it is mather difficul! to accumulate
more than 10° particies per bunch,

The comparison of the performance of a muon collider
with respect 10 2 proton-antiproton collider is in order.
The methodology is essentially the same: both types of
particle arc produced from a target both need cooling 10
reduce their dimensions and both are to be compressed
longitudinally in bunches. But the antiproton patticles have
en infinitely long lifetime and it is thus possible to accu-
mulate 10°"" panticles per bunch after a long session of
stochastic cooling. Morcover it is more convenient for
stable particles to operate the collider in a storage mode
with multiple passes of ihe same beams at the collision
point.

Our estimates of the performance of stochastic cooling
are based on the simple scenario of production, accelera-
tion, cooling and collision we have propased here. Other

SCenarios may be possiblc and we beiisve that an optimum
configuration has still to be searched and is highly desir-
able. But we also believe that stochastic cooling has to be
an integral part of the scheme. Then the following features
are 1o be investigated in more details.

We have scen first that thermai noise at the front-end of
the amplifier plays a crucial limiting role to the final beam
emittance. We have also seen that.this can be better
measured with the ratio of Schottky to thermal power,
given by Eq. (20). The problem is that as cooling proceeds
the beam power reduces wheneas the noise signal remains
constant. An invention would be highly desirable where
the level of noise signal can also be reduced accordingly,
as for instance done in momentum cooling with notch
filters [9], ,

The other issuc relates to the complete absence of
mixing of the particle motion. It is aiso important to
demonstrate that there zre ways to regencrate the beam
Schottky signal. Several methods have in the meantime
been proposed, like the introduction of sextupole 10 gener-
ate a coupling of the trapsverse motion with the particle
momentum error, skew quadrupoles to introduce mixing
between the wo transverse plane of oscillations, and non-
linear magnetic lenses which cause a dependence of the
betatron motion with the amplitude of the motion itself.

These wo issues are of paramount importance and are
to be investigated carefully if we want to keep the option
of a muon coilider for the scarch of the Higes boson still
of some interest.
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We present a brief summary of the current state of conception and undersianding of the sccelerator phy:sics issues for low energy muon
colliders envisioned as Higes factories, associated technological chalenges and future research directions on this lopic.

1. Motivation and challenges

It is well known that multi-TeV e*—e™ colliders are
constrained in energy, luminosity and resolution, being
limited by “‘radiative effects” which scale inversely as the
fourth power of the lepion mass ({£/m,)*). Thus colli-
sions using heavier leptons such as muons offer a poten-
tially easier extension to higher energies (1). It is aiso
believed that the muoas have a much greater direct cou-
piing into the mass-gencrating **Higgs-sector”’, which is
ibe acknowledged next frontier to be explored in particle
physics. This leads us to the consideration of TeV-scale
w —p~ coliiders. However, with the experimental deter-
mination of the 1op quark being heavier than the Z boson,
there is increasing possibility of the existence of a “light””
Higgs particle with 2 mass vajue bracketed by the Z-boson
mass and twice that value. This makes a 100 GeV p.* @ 100
GeV w™ collider as a ““Higgs Factory™ an atiractive
option [2] The required average luminosity is determined
16 be 10° cm~? 5! [2] We note that the required
luminosity for the same " physics reach’” scales inversely
as the square of the lepton mass and impiies & significanily
higher twminosity required of a similar energy e*—e”
collider, in order to reach the same physics goals.

The challenges associsted with developing a moon
collider were discnssed at the Port Jefferson workshop
{13}, subsequent mini-workshops at Napa (2), Los Alamos
4] and at the worksbop {5,6] on *“Beam Cooling and
Related Topics’”, in Montreux, Switzerland in 1993. Basi-
cally, the two inter-related fundamental aspects about
muons that critically determine and limit the design and
development of a muon collider are that muons are sec-
ondary particles and that they have a rather short lifetime

" Comesponding author.

* in the rest frame. The muon lifetime is about 2.2 ps at rest

and is dilated to about 2.2 ms at 100 GeV in the faboratory
frame by the relativistic effect. The dilated lifetime is short
enough to pose significant challenges to fast beam manipu-
lation and control. Being sccondary particles with short
lifetime, muons are not to be found in abundance in nature,
but rather have to bc created in collisions with heavy
nuclear targets. Muon beams produced from such heavy
targets bave spot size and divergence-limited intrinsic
phase-space density which is rather low. To achieve the
require luminosity, one needs to cool the beams in phase-
space by several orders of magnimde. And all these pro-
cesses — production, cooling, other bunch manipulations,
acceleration and eventual transpon to collision poiat — will
have to be completed quickly, in 1-2 ms, and therein lies
the challenge. Bunch manipulation and cooling of phase
space are some of the primary concerns. In the following
section, we describe the two scenarios, and associated
paramecters being considered at present for muon colliders.

2, Scenarios, parameters and comments

Basically, there are two scenarios that have been con-
sidered to date for muon coltiders. These two scenarios
start with very different approaches to the production of
the secondary muon beam from 2 primary beam hilting a
heavy target. The subsequent acceleration, cooling, stack-
ing, bunching and colliding gymnastics are all dictated and
differentiated by these production schemes, which are very
different. We consider them in sequence in the following.

The first approach considers production of the muons
starting from a primary “‘protoa’” beam hitting a heavy
target according to the following reaction:

p+rN=pm+X
r—‘u.v.
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Since proten bunches are tvpically long (few ns), one
basically obtains long bunches of low phase-space density
unless further phase-space manipuiations are done to bunch
and cool the beams. The sirvation is similar o the use of
the Proton Ring as a pion source in the Los Alamos Meson
Physics Facility (LAMPF-II) or conventionally considered
kaon factory sources, for exampie. In order to reduce the
leagth of the produced muon beam bunches, considerabic
gymnastics is required of the proten ring if system. Ulti-
mately, of course, a bunch rotation in the longitudinal
phase space 10 reduce bunch length comes at the expense
of the relative momentum spread, A p/p, which could be
as high as 5%. The produced muon bunches will need to
be cooled longitudinally fram Ap/p of 5% to about 0.1%
in order to have acceptabile spectral purity at the coilision
poiat. In addition, the muoa bunches will have to be
cuo[edintheuansvemephmspaoebyasigniﬁczm
amoust in order to meet the luminosity demand at the
collision point. The cooled muons are subsequently accel-
erated and injecred into a 100 GeV 1 *— ™ collider where
the bunches collide in st most a few hundred to a thousand
turns (the number of turns, n = 300% [TD. Clearly the
constraint of short muoa lifetime Puts a premium at every
slage on minimizing the time for production, cooling,
acceleration and bunch processing, so #s to still jeave a
few hundred tumns in the collider 10 produce luminosity.
Thus, it is clear that high ficid magzets play & crucial role
intheoollidcr.Dmilsofthismcmﬁohnebeenmnsid-
ered by Neuffer {2,5]). In Fig. 1, we depict schematically
the scenzrio of a muon collider based on production via
protons {5].

A second approach considers production of the mwons
starting from a primary ‘“electron’” beam hitting 2 heavy
target according to the following reaction:

e+N—=ec+N=-y
L’u*u"

In this electro-production scenario, one obtains short
bunches most naturally, since it is compatible with the

Hadrn acesbernier
ut
XL
7 3 ~u Cooling syriem
Targer -
c_ 1P

< — )
High gradies knac
(or other sccelerator) W

Fig. 1. Overview of a p*—p" coilider, showing a hadronic

mlam.whichprm-:‘sonawufollowedbya

se-decay channel (= — pv) and #-cooling system, followed by a

u-accelerating kna: {or recirculating linse oc apidcycling syn-

chrotron), feeding into a high-energy siorage ring for -~
(from Ref, [5]).

Fig. 2. A muon colfider scenanio with electro-production of muens
{Eram Ref. [6]).

normal mode of operation of high encrgy linacs. Although
onc obtains the “‘optimum bunch format”’ naturaily, one
has to consider unprecedently high power and high repeti-
tion rate electron linacs, not explored before in order to
meet the required collision tuminosity. This is so because
of the rather low yield of muoms per clectron, even at the
optimum cnergy of incident electrons of 60 GeV, and the
difficulty of packing more electrons per bunch in the linac.
The low transverse phase-space density of the muons will
require significant improvement via cooling, similar to the
proton production scenario. and, in addition, calls for a
nonrivial beam stacking scheme before collision (de-
scribed in Ref. [6]). Details of this scenario have been
considered by Barletta and Sessler {2,6]. In Fig. 2, we
depict schematically the scenario of a muon collider based
on electro-production [6].

Table 1 presents a comparison of parameters for the
above iwo scenarios for a 100 GeV p*@ 100 GeV T
collider, with an average luminosity of 10% em~2 -
We assume a collider scenario with a low beta ar the
collision point of 1 cm, about 1000 bunches colliding in

Table 1

Parameters for a muon callides, 100 GeV X 100 GeV,
N, N_ .

L=M 4 0% em~" 5!,

4men B
M = 1000; y = 1000: ﬁ‘-lm;P-SMWxttheurgct

Production via Production viz
electrons protons
E, oy (GeV) 60 30
Intensity 5x10" puise 10** fpulse
Number of pulses 100 (staciced later) 1
Repetition rate 10 Hz 16 Hz
£, (GeV) 40 . 1.3
ey (7 m-rad) 2x 107! 2x10-2
Ap/p +3% +3%
(i /el or (. /p) 4x10°7 o
lonization cooling e/ = 2x10"%x fe2x107 5y
m-rad m-rad
Bunch rotation
factar none 100
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the ring and muon production limited by 2 5 MW power at
the target. Tt is clear that while powerful pion sources,
bunch compression and cooling are essential for the pro-
ion-production scenario, high current electron linacs, cool-
ing and stacking are essential for the clectro-production
scenario. 1t is fair to say from an inspection of Table 1
that, fundamentally, both scenarios are equally amenable
to a muon collider configuration with comparable lumi-
nosities. given the fact that in both cases equally difficult
and challenging technological problems will have to be
addressed and solved.

The most difficult and challeaging of these technologi-
cal problems is probably that of “*ultra-rapid™ phase space
cooling of **in "' bunches. One can consider radiation
cooling via synchrotron radiation. which is independent of
the bunch intensity. However. it is too slow for our
purposes. The stochastic cooling rate, on the other hand,
depends on the number of panicles per bunch and, al-
though 100 slow usually, can be made significantly faster
by going to an exireme scenario of a few particles per
bunch with ultra-fast phase mixing or an ultra-high band-
width ( ~ 10'* Hz) cooling feedback loop. Both the latier
cases will require significant iechnoiogical inventions. A
promising scheme that is both **fast” and “*intensity-inde-
pendent’” is that of *‘ionization cooling’, which looks
feasible in principle. We have assumed ionization cooling
in arriving at the parameters of Table 1. We discuss
cooling considerations bricfly in the next section.

3. Conling of muons

‘The cooling of the wansverse phase-space assumed in
Table 1 is of the kind known as “‘ionization cooling’’. Ia
this scheme the beam transverse and longitudinal energy
losses in passing through a material medium are followed
by coherent reacceleration, resuiting in beam phasc-space
cooling (2,5,7]. The cooling rate achievable is much faster
than, although similar conceptuaily to, radiation damping
in a storage ring in which energy losses in synchrotron
radiation followed by 1f acceleration resuit in beam phase-
space cooiing in all dimensions. lonization cooling is
described in great detail in Refs. [2,5] It scems thae the
time is ripe to make a serious design of an ionization
cooling channel, including the associated magnetic optics
and 1f aspects, and put it to real st at some isboratory.

Exploration of the alternate cooling scheme of stochas-
tic cooling takes us o a totally different regime of opera-
tion of the collider, determined by the very different nature
and mechanism of cooling by 2n electronic feedback sys-
tem, Here, the muon lifetime and the required low emit-
tance demanded by the luminosity requirements determine
the necessary stochastic cooling rate of the phase space.
This rate scales directly as the bandwidth (W) of the
feedback sysiem and inversely as the number of particles
(¥ in the beam {siochastic cooling rate a& W/N). If we

limit our consideration to practically achievable conven-
tionai fecdback electronics, amplifiers, ‘ctc.. with band-
width not exceeding 10 GHz, the number of panicles per
bunch must be less than a thousand in order to meel the
desired rate. This then would imply a very different puise
format. This alonc drives all the parameters back 1o the
source and issues of ““targetry”’ and ‘“muon source’, etc.,
are not critical, The critical issues for stockastic cooling
are: (1) large bandwidth, (2} ultra-low noise. as the cooled
emittance reaches the thermal limit of the electronics, (3)
rapid mixing and (4} bunch recombination techniques.

Critical issues in the stochastic cooling scenario are
discussed by Ruggiero {2.8], where he also explores a-
conventional cooling scheme with modest tandwidth but
with a special noniinear (magmetic} device that stirs up the
phase space rapidly and provides ' ultra-fast mixing'’. It is
clear that we need new technical inventions in stochastic
cooling for application in 2 muon collider. Another novel
scheme {9) being explored currently is tha of *optical
cooling™* where one detects the granularity of phase space
down 1o a micron scale by carefully monitoring the inco-
herent radiation from the beam. which is a measure of its
Schottky noise, thea amplifying this radiation via a laser
amplificr of high gain and bandwidth (107, 100 THz) and
applying it back to the beam. Various isstes regarding
quantum noise and effective pickup and kicker mecha-
nisms will have to be understood before it can be consid-
ered for a serious design.

4. Summary sad outlook

As we have seen, both scerarios — production of muons
from protons and electro-production of mucas — are com-
petitive but very ambitious and chailenging. Production of
muons from protons will clearly require montrivial and
sophisticated target design and configoration. In addition,
in order to maich the bunch length of the colliding (but
secondarily produced) muon beams to the low beta. fune-
tion at Thé collision point, the primary proton beams must
be bunched by a large factor (~ 100). The complicated
bunch rotation and ff manipulations are cumbersome and
must be done at the iow epergy proton end before the
target, which implics an associated incyease in the relative
momentum spread, Ap/p. On a positive noie, however,
targetry with protons and rf gymnastics with proton beams
are relatively familiar affairs at hadson and kaon facilitics,
albeit at & lower level of power and rf manipulation of the
bunches. Electro-production of muons, on the other hand,
requires, high pesk current, high repetition rate linacs, so
far unexplored, in order to meet the luminosity demand.
Besides, "stacking’’ of many ciectron bunches from a
linac into a single bunch poses a noatrivial problem. The
significant and most attractive feature of the electro-pro-
duction scenario, however, is that the “optimal pulse
format'’ is produced directly at the targe: by electrons
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from a linac, without compiex bunch compression schemes
in a ring.

Ne matter what the optimal scenario would 1um out to
be, should the muon collider concept turn into reality,
further consideration of such a collider at 200 GeV ceater-
of-mass energy with an avensge luminosity of ~ 10%
cm ™ s~ would have to assume major advances in. and
evetitual operation of, (1) megawatt muon targess. (2)
multi-kiloampere peak current electron linacs, (3) efficient
transfer, compression and stacking schemes for charged
particle beams, (4) high ficld magnets and (5), most impor.-
tantly, feasible phase-space cooling technologies with low
noise and large bandwidth. While **ionization cooling™’
looks promising, it needs experimental demonstration. A
passible feasibility 1est of muon produetion and ionization
cooling at existing facilities, e.g., CERN or FNAL, would
be highly desirable. The *“stochastic cooling’" approach.
however, would need fiidamental invention of 3 new
technique, a5 elaborated eardier. The emerging new ideas
of “optical stochastic cooling”, 'ultra-rapid phase-
mixer™”, ‘etc., aré smbitiovs, but may hoid the key to the
suceess of such high frequency stochastic cooling. Finally,
the synchrotron radiation and muca decay in the collider
ring vacuum chamber and detector area posc issues that
cannot be overlooked.

In conciusion, surely a muon collider is cxotic! But
cven as we contemplate the value, utility and eventual
realizability of such a collider in the future, there is no
doubt that the necessary conceptual and technological ex-
plorations forced upon us by these considerations are much
t00 valuable (o many fields to be simply passed up.
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